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Due to the low-temperature operation of Polymer Electrolyte Membrane fuel cell 
(PEMFC), liquid water can build up in either flow channels or gas diffusion layers 
(GDL). Better understanding of the effect of two-phase transport properties on liquid 
water transport in these porous media is crucial for PEMFC performance 
improvement. Capillary curves representing two-phase flow properties of porous 
media are not readily available for the porous media used in a PEMFC because of the 
minute length scales and complex materials, and no clear relationship between the 
GDL properties and transport characteristics has been established. This thesis work 
was designed to address these issues. Volume displacement method was applied to 
measure the relationships between the capillary pressure and liquid water saturation 
for two commercial gas diffusion materials, Toray TGP-H-090 and Toray TGP-H-060. 
The impact of channel-rib structure on capillary properties of GDLs was investigated 
by two different configurations with different rib-channel designs. The saturation 
level was found to decrease as the rib-to-channel width ratio increased since less area 
of the GDL was available for liquid water penetration into the GDL. The effects of 
perfluorotetrafluoroethylene (PTFE) loadings and compression were also studied. 
PTFE addition to the GDL above 20wt% had little effect on the capillary curves 
because the fluoropolymer was not uniformly distributed on the carbon surface but 
iv 
 
thickened the existing coat of PTFE. Inhomogeneous compression distributions 
caused by rib/channel designs created different local physical properties. Furthermore, 
the capillary pressure properties in GDL were affected by unevenly distributed 
compression. Consequently, capillary pressure curves using average liquid saturation 
level and capillary pressure may not accurately describe the transport properties in 
porous media. Neutron imaging was used to study water distribution in both in-plane 
and through-plane directions in a GDL. It was shown that the liquid water saturation 
level in the GDL above the ribs was less than that above the channels, illustrating the 
role of the flow field elements on the local water distribution in the GDL. The 
difference in the liquid saturation level proved that higher compression level of the 
GDL above the ribs led to different morphological properties and, consequently, 
transport properties. Once liquid water breakthrough was reached, water was 
observed to flow through a single pathway. These results demonstrated that the 
assumption of isotropic transport properties of the GDLs in PEM fuel cell models 
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1.1 Polymer Electrolyte Membrane Fuel Cell History 
The first simple H2-O2 fuel cell, using sulfuric acid as electrolyte, was invented to 
produce electricity by William Grove in 1839 
1
. In 1932, Francis Bacon successfully 
developed the first hydrogen fuel cell. An alkaline electrolyte and nickel electrodes 
were applied in his experiment. The National Aeronautics and Space 
Administration (NASA) has tried finding compatible fuel cells for space missions 
since late 1950’s. These programs boosted the development of fuel cell technology. 
Alkaline fuel cells successfully provided electrical power in Apollo space program 
which landed humans on the moon. Proton exchange membrane (PEM) fuel cell 
technology was first invented by General Electric in the early 1960s, “a research 
program with the U.S. Navy’s Bureau of Ships (Electronics Division) and the U.S. 
Army Signal Corps”2. Although the cell had high portability, it was still too 
expensive to produce. Since then, polymer electrolyte fuel cells have proved their 
capability in Gemini spacecraft and consective space vehicle programs. In the early 
1990s, a Ballard Mark 5 PEM fuel cell stack was developed with 5 kW total power 
2
.  
    With the depletion of traditional fossil fuels and environmental problems, 
hydrogen energy has been considered as the most viable substitute. The PEM fuel cell, 
2 
 
as a hydrogen energy converter, demonstrates its capability of zero emission and high 
efficiency in power systems, especially for automobile applications
2
. 
1.2 PEM Fuel Cell Principles 
Fuel Cell's principle is based on the chemical reaction from fuel and oxidizer, and the 
energy efficiency of a fuel cell system is over 40%. While the conversion efficiency 
for an internal combustion engine may only achieve 26%. 
3
  
Figure 1.1 shows the basic components and operation of a PEM fuel cell. A 
proton conducting membrane separates the anode and the cathode side, and each side 
consists of a flow field, gas diffusion layer and catalyst layer. The flow field acts as a 
fuel distributor and a current collector to transport electrons.  
 There are two major electrochemical reactions in the fuel cell: 
H" # 2H




% & 2e( # H"O 
On the anode side, hydrogen flows into gas flow field, and then diffuses from 
the gas diffusion layer (GDL) to the anode catalyst layer (CL) where it dissociates 
into protons and electrons. The protons are conducted through the membrane to the 
cathode with water by electro-osmosis, and the electrons provide electrical energy in 
an external circuit. On the cathode side, oxygen molecules transported from GDL to 
CL react with the electrons and protons to form water. In the process, water, heat and 
3 
 
electrical energy are produced.  
 
Figure 1.1 Schematic picture of components and operation in a PEM fuel cell  
1.3 Fuel Cell Performance 
A typical polarization curve, showing the voltage versus current density, gives 
detailed information of the fuel cell performance. The i-V curve for a PEM fuel cell is 
described in Figure 1.2. 
Under an ideal thermodynamic equilibrium condition, the voltage of a fuel cell 
keeps constant with the increase of current. This can be achieved in an open circuit 
system. In practice, however, due to unavoidable losses, the cell voltage decreases as 
the current is drawn from a fuel cell. Each loss is associated with fuel cell operation 
steps: activation losses due to electrochemical reaction, ohmic losses due to ionic and 
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electronic conduction, and concentration losses due to mass transport. Among which, 
poor mass transport leads to significant fuel cell performance loss since the 
electrochemical reaction occurring in the catalyst layer is affected adversely by liquid 
water accumulation in the porous electrode. Therefore, in order to improve the 
performance of the fuel cell, we need to learn how liquid water moves around in the 
fuel cells. 
 
Figure 1.2 Schematic of fuel cell i-V curve  
1.4 Fuel Cell Water Management 
1.4.1 Water Movements  
From Figure 1.3, we can see that water is either brought into the fuel cell by 
humidified gas streams, or generated from oxygen reduction reaction (ORR) at the 
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cathode catalyst–membrane interface 4. Through the proton exchange membrane, 
water molecule is dragged with protons by electro-osmosis from anode to cathode 
side, whereas the back-diffusion transport, caused by the concentration gradient 
across the membrane, drives the water to move back towards anode.  
 
Figure 1.3 Water movements in a PEM fuel cell 
5
 (Reprint from Ref. [5], copyright 
2008, with permission from Elsevier )  
1.4.2 Water Management  
Water balance has been a big issue in PEM fuel cell performance. High moisture in 
the proton-conducting membrane is desired to maintain its ionic conductivity. When 
the water removal rate exceeds the water generation rate, it leads to membrane dryout 
and can result in accelerated degradation in the ohmic polarization region. 
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Moreover, the product-liquid water is generated as a by-product on the cathode 
side. It must pass through the GDL from catalyst layer to the flow channel by 
evaporation, diffusion and capillary transport. If the water generation rate exceeds the 
removal rate, the liquid water accumulates in both gas diffusion layer and catalyst 
layer. The excessive water may block the reactive sites for the reactants and pathway 
for products to move out of the porous electrodes, resulting in water flooding.  
Water flooding can occur in discrete regions in fuel cells, such as anode or 
cathode catalyst layers, gas diffusion layers, or flow channels, as seen in Figure 1.4 
6
. 
At low current densities in Figure 1.4 (b), due to low gas-phase velocity, slug 
formation is observed in anode and cathode side-channel and blocks pathway for the 
gas phase transport in the channels. At higher current densities, the gas-phase velocity 
is sufficient to remove the slugs, flooding is more likely to happen in the catalyst 




Figure 1.4 Different locations of water flooding in PEM fuel cell 
6
 (Copyright 
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced from Ref [6] with permission) 
Water flooding is a result of complex interaction between configuration design, 
material properties and operating conditions. Figure 1.5 compares the polarization 
curves with and without flooding. The performance curves separate from each other 
in concentration overpotential region at different water flooding levels. And the 
performance loss is greater as the water flooding becomes severe. This is attributed to 






Figure 1.5 Polarization curves of PEM fuel cell with increasing water flooding 5 
(Reprint from Ref. [5], copyright 2008, with permission from Elsevier) 
1.5 Role of Gas Diffusion Layer in Water Management 
A gas diffusion layer (GDL) consists of carbon fiber or carbon woven materials, as 
shown in Figure 1.6. The GDL serves multiple functions in a PEM fuel cell. It 
provides electronic conduction between the catalyst layer and bipolar plate; it 
provides access for the reactant and product between the flow distribution plate and 
the catalyst layer; it transfers heat from catalyst layer to the bipolar plate; it is also 





(a) Carbon fiber paper                   (b)Carbon cloth  
Figure 1.6 SEM images of the substrates of gas diffusion media 7 (Copyright 
Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced from Ref [7] with permission) 
Furthermore, the GDL plays an important role in water management. Water 
management is strongly influenced by interdependent properties of the GDL, such as, 
wetability (contact angle), wetproof, and pore size distribution. Hydrophobic content 
is loaded to relieve water retention in the GDL and makes the GDL mixed 
hydrophilic-hydrophobic structure. The mixed property allows both liquid and gas to 
pass. These properties of GDLs must be balanced carefully to prevent water flooding 
but maintain hydration of the membrane.  
1.6 Objective and Motives 
Liquid water transport in the GDL is dominated by capillary force, Darcy’s law is 






3-45                  (1.1) 
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The capillary diffusion rate of liquid water Nw is a function of 4, the liquid relative 
permeability (Kw) and viscosity 35. 
Various empirical expressions have been developed by researchers to correlate 
the capillary pressure with liquid water saturation level, the most widely used 
approach is the polynomial fitted correlation obtained by Udell 
9
, which was based on 
the experimental data of water wetting in a range of unconsolidated soil with uniform 
wettability 
10
. However, this traditional Leverett approach cannot accurately describe 
the flow through these heterogeneous porous media since heterogeneous property has 
not been previously considered in soil science. Additionally, the effects of assembly 
compression, hydrophobic loading on the capillary transport characteristics need to be 
considered in the measurements. Therefore, relationships representing typical 
multiphase transport in these porous materials are desired to improve the water 
management and provide the guidance for fuel cell materials engineering. 
The aim of this work was to apply the volume displacement method to measure 
the relationship between the capillary pressure and liquid water saturation of 
commercially available gas diffusion materials, and to investigate the effect of 
wetproof level and compression on the capillary properties of GDLs and enable the 
designers to optimize the design of flow fields and the properties of GDLs. The 
neutron imaging method was used to study the water distribution patterns inside a 
11 
 
GDL under nonuniform compression and provide insight for future modeling studies 




















CHAPTER 2  
Literature review  
Characterization of the liquid water distribution pattern and modeling the effect of 
liquid water on the fuel cell performance are pivotal to the development of fuel cell. 
Characterization and modeling studies help us better understand how the transport 
properties in a gas diffusion layer affect the fuel cell performance and improve the 
efficiency of fuel cell. 
The exact liquid water distribution pattern in the GDL cannot be precisely 
measured. According to the capillary theory, it is believed that the pathways through 
which liquid water and gas phase flow are different. Large hydrophobic pores and all 
the hydrophilic pores provide the routes for liquid water, while the gas phase flows 
through small hydrophobic pores 
6
. Since most GDLs are coated with anisotropic 
hydrophobic material (PTFE), such coatings yield a complex bimodal (hydrophobic 
and hydrophilic) pore size distribution. A water droplet shape on two GDL surfaces 




Figure 2.1 Liquid water droplets on hydrophobic and hydrophilic GDL surfaces 6 
(Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced from Ref [6] with 
permission) 
With heterogeneous wetting properties, some regions in the GDL are affinitive 
to liquid, while other regions will force water away, as shown in Figure 2.2 
11
. Such 
heterogeneity of structure causes the complex two-phase flow in the gas diffusion 
layer. Therefore, it is difficult to develop a fundamental and clear knowledge of the 
transport processes of liquid water through the GDL. Capillary pressure curves, as a 
reflection of capillary properties of the GDL, help with the understanding of transport 





Figure 2.2 Water movements in the gas diffusion layer. Water flows through the 
large hydrophilic pores. In the smaller hydrophobic pores, no water enters. Water is 
trapped in pores with mixed wettability, which has radius smaller than the critical 
radius. 
11
 (Reprint from Ref. [11], copyright 2005, with permission from Elsevier) 
There have been a large number of numerical models that apply equations for 
multiphase flow in porous media to illustrate the effect of liquid water transport on 
PEM fuel cell performance. However, the necessary physical parameters and 
capillary properties used in these equations are usually not known, such as thickness, 
compression, and pore-space morphology which steer the transport behavior in the 
gas diffusion layer. Developing methods for testing these properties specifically for 
the GDLs and their effects on GDL transport properties is necessary.  
In this chapter, the knowledge of transport properties in GDL will be reviewed. 
The discussion will include the role of physical properties of GDL in water transport 
in PEM fuel cells, capillary pressure curves, and direct visualization of water 
15 
 
distribution in PEM fuel cells. 
2.1 GDL Properties  
2.1.1 Porosity and PTFE 
Porous structure of the GDL provides access for the reactant gases to the catalyst 
layer and pathway for the product water to evacuate. In water management, the role 
of PTFE treatment in the GDL is to effectively repel the liquid water and keep the 
pores for the gaseous reactants to pass through relatively dry. 
The three methods used to determine the bulk porosity of GDL are mercury 
porosimetry, immersion method and method of standard porosimetry (MSP) 
12
. 
Mercury porosimetry is a technique used to characterize the porosity of materials by 
applying different levels of pressure to the sample immersed in mercury. During the 
test, the pressure is controlled to introduce the fluid into the pores. For many 
materials, mercury is nonwetting so that this method can be used to access all the 
pores in the sample. The increased pressure is related to the increase in the volume of 
mercury intruded into the sample. The pore size is calculated by this volume of 
mercury with applied pressure. The pore size distribution of a typical GDL is given in 
Figure 2.3. It shows meso- and macro-pores with the average diameters of 4.3 and 




Figure 2.3 Mercury intrusion porosimetry data for Toray TGP-H030 with 20 wt% 
PTFE 
13
 (Reprint from Ref. [13], copyright 2008, with permission from Elsevier) 
In immersion method, the bulk porosity is determined by weight gain for the 
sample immersed in a wetting liquid.  
Martínez 
14
 used MSP method, which is developed by Volfkovich et al. 
15
, to 
characterize the porosity of materials. When two materials partially saturated are 
contacted, the system moves toward equilibrium until equal capillary pressure is 
achieved. The capillary pressure of the test sample is obtained from the volume of 
liquid in the sample and capillary pressure of the standard sample that is in contact 
with the testing sample. Each capillary pressure of the test sample corresponds to a 
definite radius value. Then the pore size distribution is illustrated by cumulative 
17 
 
volume versus radius values 14. 
The effects of the porosity distribution of the gas diffusion layer on the transport 
phenomena have been simulated by Zhan et al. 
16
. Based on the assumption of a fixed 
liquid saturation difference between the interfaces of the catalyst layer/GDL and the 
GDL/gas channel, the liquid water flux through the GDL increased as the porosity 
increased. For the GDLs with the equivalent porosity, more liquid water was 
discharged when the gradient of the porosity distribution between the interfaces 
became larger.  
Chu 
17
 investigated the influence of the porosity of the GDL on the performance 
of a PEM fuel cell. In his studies, when the current density was at medium or low 
values, porosity distribution's change did not take any effect on the polarization level. 
On the contrary, if the current density reached the limiting value, the polarization 
level was significantly influenced. This was attributed to the fact that larger porosity 
in the GDL resulted in a larger oxygen transfer from the gas channel to the catalyst 
layer and then a larger current density was produced. This result proved that 
polarization curve in the regime near the limiting current density is controlled by 
mass transfer in the GDL and the catalyst layer.  
The effects of PTFE content on the surface morphology of the GDL and the 
performance of the PEM fuel cell was studied by Lim and Wang 
18
. The study 
18 
 
suggested that hydrophobicity created by 10wt.% PTFE loading in GDL was 
sufficient to produce gas transport pathway through the GDL. Park et al. 
19
 indicated 
that 20% PTFE content in the microporous layer was the optimal amount for effective 
water management and improved oxygen diffusion kinetics in the 
membrane-electrode assembly. 
2.1.2 Compression 
GDL properties, such as its porosity, wettability and thickness, have direct impact on 
water movement in the fuel cell. When the cell is assembled with compression, some 
of these parameters change subsequently. For example, compression can reduce the 
GDL thickness, break fibrous structure and change porous structure in the GDL and 
eventually influence the performance of the PEM fuel cell.  
A number of experimental researches have identified the effect of compression 
on property changes of a gas diffusion layer and its subsequent effects on the fuel cell 
performance. Bazylak et al. 20 visualized the ex-situ water movement (preferential 
pathway of liquid water) through the gas diffusion layer using fluorescence 
microscopy under various compression. Combined with scanning electron 
microscope, they related the water movement trend to the observed change of 
hydrophilic and hydrophobic regions which was caused by the breakage of fibers 
under various compressions. Chang et al. 
21
 found the compression pressure changed 
19 
 
the porosity of GDL. The porosity decreased dramatically at small compression 
pressure values. Beyond that range, the porosity is inversely proportional to the 
compression force. Furthermore, low compression resulted in a high interfacial 
resistance between the bipolar plate and the gas diffusion layer and caused a 
significant loss in the performance of the PEM fuel cell. In contrast, high 
compression pressure limited the pathway for mass transfer but reduced the contact 
resistance between graphite carbon and gas diffusion layer. Lee et al. 
22
 tested effects 
of compression on the performance of fuel cells by using different types of gas 
diffusion layers. An optimal compression and GDL material were found in terms of 
the changes in the porosity and the electrical contact resistance. 
Numerous mathematical models were also developed to describe the transport 
phenomena in the GDL and to predict the cell performance. Nitta et al.
23
 reported that 
the inhomogeneous compression of GDL led to significant local variation of mass 
transport properties and current density in the GDL. Zhou et al. 24 found that the 
optimal compression ratio would depend on the combined effects of GDL 
deformation and porosity change on the ohmic resistance and mass transfer.  
2.2 Capillary Pressure Curves 
A capillary pressure curve is used as a constitutive relationship between the capillary 
pressure and saturation. The expression and shape of the curve depend on many 
20 
 
properties, including pore size distribution, porosity, breakthrough pressure, and 
fluid-solid wettability. 
A GDL consists of connected and unevenly distributed pores with different 
radius sizes. The capillary pressure at the interface for each cylindrical pore is 




                       (2.1) 
Where σ is the surface tension of the liquid water-air interface,  is the contact angle 
of the liquid-air interface on the porous surface, and r is the effective pore radius. 
A range of pressures scanned and the cumulative volume of non-wetting phase 
injected at each pressure compose one part of a capillary curve. When pressure is 
reduced in a similar rate, the non-wetting phase begins to withdraw from the sample 
and another part of the curve is obtained. 
Since multiphase flow through mixed hydrophobic/hydrophilic pores in GDL is 
not well developed, much of the present understanding is based on porous media 
theory from soil and petroleum engineering studies and several empirical and 
semiempirical expressions, such as the Leverett’s approach, are used to describe the 
capillary transport behavior of GDLs. However, there are a few differences between 
the porous media used in PEM fuel cells and that in soil science. Hydrophilic media 
are widely used in soil science studies, whereas the GDL in PEM fuel cells have a 
21 
 
highly heterogeneous surface. The soil science work deals with the materials in 
saturated situation, but the work in fuel cell is done with materials partially saturated 
6
. The characteristic behavior of the porous media is different from that in soil science. 
It is the properties of individual GDL that determine the transport behavior. Due to 
these differences, several researchers realized inaccuracy of Leverett’s modeling and 
have attempted to find alternative methods 
25-28
.  
Mercury intrusion porosimetry (MIP) has been widely applied for measuring 
capillary pressure curves. There are several disadvantages of MIP, though it’s been 
well established. First, the contact angles of mercury and water on the GDL surfaces 
need to be known for converting the mercury intrusion pressure to the air-water 
pressure. It is unrealistic to use a single contact angle for mercury in the GDL since 
the contact angle for water is not unique and varies on the graphite and PTFE surfaces. 
Therefore, it is impossible to obtain precise conversion without specific information 
of PTFE distribution. Furthermore, the Young-Laplace equation required in this 
conversion is only adapted to cylindrical pores and is not necessarily valid for fibrous 
GDLs with amorphous pores 27.  
The method of standard porosimetry (MSP) 
15
 is another approach to measure 
air-water capillary pressure curves and it is originated from Gostick 
27
. The limitation 
of this method is that the experiment has to start with a fully saturated sample and 
22 
 
only drainage curve can be obtained and it can only scan for PC < 0. Gostick et al. 
compared the result from MIP with that from MSP on capillary curves for 
hydrophilic pore network. The total porosity distribution obtained with MSP was 
compared favorably with the MIP technique. The shapes of hydrophilic capillary 
curves were similar to the overall capillary curves for different GDL materials. 
Kumbur and his co-workers 
28
 have used MSP technique to study a wide variety of 
GDLs coated with MPL and with different PTFE contents, under different 
compressions. They have further attempted to synthesize a single relationship that 
could describe the capillary properties of any GDL, with any combination of the 
above parameters (compression, hydrophobic polymer loading), to replace the 
traditional Leverett approach. 
Gallagher et al. 
29
 applied water transport plate technology, which was similar to 
MSP. The GDL sample, which was initially saturated, was placed on top of 
hydrophilic porous plate with channels. A separate porous plate without channels 
covered the GDL to prevent evaporation. The capillary pressure of the bottom porous 
plate was controlled by the pump on the flow line circulating the water between the 
bottom plate and water reservoir. The water might flow in or out of the GDL 
whenever the capillary pressure in the GDL was different from that in the porous 
plate. This method was also limited to PC < 0. The hysteresis between imbibition and 
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drainage curves was observed and was assumed to be caused by the difference 
between the advancing and receding angles. 
Microfluidic method 
26, 30
 or porosimetry 
25
 is a method that adapting MIP 
concept and using liquid water as the fluid to measure capillary pressure. In such 
apparatus, a porous hydrophobic membrane is used as a barrier to prevent liquid 
water from breaking though the top of the sample. A porous hydrophilic membrane 
between the GDL and liquid water reservoir prevents air from entering the sample 
during water drainage. Fairweather et al. 
30
 applied intermittent liquid/gas intrusion to 
ensure that the complete equilibration was reached during the whole cycles. In their 
recent work 
31
, Cheung used a bundle of capillaries model (to interpret the MIP data 
for pore size distribution), combined with Gaussian contact angle distribution, to 
compute a realistic capillary pressure curve and revealed that the observed hysteresis 
in the capillary curves came from different internal surface wetting properties 
between imbibition and drainage. Such extensive capillary pressure hysteresis was 
confirmed by the measurements of Harkness et al. 25. In the following work, based on 
a bundle of capillaries model, Fairweather et al. 32 reported that effective mean 
contact angles increased with the initial addition of Teflon, however, no further 
wetting properties changed when the Teflon loading level was above 5 wt.%. 
The volume displacement technique, proposed by Nguyen 
33
, controls the liquid 
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pressure instead of the liquid volume. Capillary pressure is controlled by adjusting 
the hydrostatic pressure of the liquid phase. As the static pressure is altered, the liquid 
saturation in the GDL can be calculated from the volume change of liquid water in 
the horizontal tube with known diameter. The capillary pressure data obtained from 
this technique have been incorporated into continuum fuel cell models. 
Figure 2.4 presents the air-water capillary curves obtained using each of the 
above methods. Fairwheather et al. 
31 
used Toray TGP-H-090 to show a complete 
capillary curve including imbibition and drainage. Similar materials Toray 
TGP-H-060 with different PTFE content were used by other researchers. Gallagher et 
al. 
30
 measured the capillary curve of Toray TGP-H-060 limited to Pc90. Both 
Gostick 
28
 and Harness 
26
 scanned the entire range of capillary curves for Toray 
TGP-H 060. The capillary pressure measured by Nguyen et al. 
34
 was below 
breakthrough point of Toray TGP-H-060 and no hysteresis was observed in this 
capillary curve. This method can be also used to evaluate the capillary pressure 
beyond breakthrough point. 
An ideal method is one that should be pressure controlled since it is difficult to 
interpret data from volume-controlled experiments. Additionally, the ability to scan 
the entire range of capillary pressures in both directions is essential for capillary 
pressure measurement. The volume displacement method, which satisfies these 
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requirements, will be used in our experiments. This will be described in detail in the 
experimental section (Section 3.2.3). 
 
Figure 2.4 Capillary pressure curves for Toray 060 and Toray 090, all curves are for 
Toray TGP-H-060, except Fairweather et al. (Toray TGP-H-090 with no PTFE). 
Toray 060 with 20 wt% wetproof in the experiment of Gostick et al, 10 wt% wetproof 
in the experiment of Harness et al. and Nguyen et al. 
2.3 Imaging Techniques for PEM Fuel Cells 
Besides the measurement of capillary properties, imaging techniques have been taken 
as diagnostic tools for monitoring dynamic water movements and detecting water 
distribution in PEM fuel cells.  





Magnetic resonance imaging (MRI) with high resolution is used in small operating 
fuel cells. Magnetic metals cannot be used due to MRI’s dependence on magnetic 
force. X-Ray microtomography, which has been used for soil saturation studies, has 
been put to use in ex-situ analysis of water distribution in diffusion media of a 
non-operating PEMFC. Additionally, neutron imaging method has been introduced to 
visualize the water droplet formation and movement in either flow field or electrode. 
With the advantage of its potential for use in an operating cell, it has become a 
preferable diagnostic tool to determine water distribution patterns in fuel cells. 
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   Neutron radiography was widely applied to measure water distribution in 
two-dimensional in-plane direction in a working fuel cell. Pekula et al. 
35
 reported, as 
shown in Figure 2.5, that the gas flow channels were occupied by liquid water, and 
therefore water flooding occurred inside the fuel cell. From the different flow channel 
geometries (2-channel pass design on anode and 3- channel design on the cathode), it 
could be concluded that liquid water was on the anode side. The authors attributed 
this to local pressure variations due to the change in momentum of the gas flow. 
 
Figure 2.5 Water distribution for different reactants flow rate at same current density 35 
(Reprint from Ref. [35], copyright 2005, with permission from Elsevier) 
Satija et al. 
36
 demonstrated the use of neutron radiography in a fuel cell under 
operating conditions. A four-cell commercial stack was used in their study; the 
image-masking technique was used to differentiate water formation in the anode 
channels from that in the cathode channels, and the gas diffusion layer (GDL). In 
anode-masked image, it was observed that water was not evenly distributed 
throughout the flow channels. The similarity between the cathode mask and the water 
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density image implied most of the water was located on the cathode side of the cell.  
In-plane water distribution cannot reflect the water content in each component 
of the fuel cell, besides, it is not evenly distributed in these layers. Thus, 
through-plane water distribution is more important for us to build up a three 
dimensional water distribution profile, help us modify the models for fuel cell, 
moreover, lead us to performance improvement and lifetime enhancement. Hussey 
37
 
made efforts to visualize the in-situ through-plane water distribution in a PEM fuel 
cell. The spatial resolution was 30 µm. The images demonstrated that the water 
content in the anode GDL remained almost invariant, while a small amount of water 
accumulation appeared in the cathode GDL as more current was produced. 
Additionally, higher current would lead to an increase of the water content of the 
membrane.  
Nowadays it is still difficult to directly visualize liquid water transport in gas 
diffusion layers in micro-scale, and even harder to make in-situ measurements in 
operating fuel cells. However, with the improvement of resolution of radiography 
techniques, there has been some progress to macroscopically visualize water 
distribution in through-plane direction. Neutron imaging at NIST has the capability of 
imaging with a spatial resolution of 10 µm. It will be used in this work for directly 




Figure 2.6 Through-plane water distribution in one dimension 
37
 (Reprint from Ref. 







Two-phase flow transport properties of gas diffusion layers used in 
PEM fuel cells 
3.1 Introduction 
Two-phase transport properties of porous media are crucial for water management 
strategies in PEM fuel cells. Different GDL treatment methods have been provided 
for better water management 
38-40
. Hydrophobic treatments have been proven to 
eliminate excessive liquid water accumulation in the micro-scale pores of GDLs, and 
facilitate gaseous reactants transport. The heterogeneous nature of GDLs, such as the 
bimodal pore distribution and mixed wettability characteristics, greatly influences the 
liquid water flow inside the fuel cell system.  
Furthermore, the channel-rib structure in PEM fuel cells creates 
inhomogeneous compression distribution along the GDLs. The GDL under the ribs is 
mostly compressed to the controlled thickness while the GDL under the channels 
remains virtually uncompressed and even intrudes into the channels, as shown in 
Figure 3.1 23. The morphological structure of the GDLs can be altered by local 
stresses and the multiphase transport characteristics would be influenced accordingly. 
Research study shows that compression for GDLs leads porosity to decrease, and 
tortuosity to increase 
41
. The behavior of multiphase flow, characterized by different 
31 
 
transport patterns between the regions under the channels and ribs are expected to be 
changed by the non-uniform change of the surface area and the pore size in the 
discrete regions. Therefore, it is necessary to quantify the alterations in transport 
properties of a GDL under different compression loadings and channel/rib structures. 
 
Figure 3.1 Cross-sectional view of the GDL 
23
 (Copyright Wiley-VCH Verlag GmbH 
& Co. KGaA. Reproduced from Ref [23] with permission) 
Much work has been devoted to examining the morphology, wettability and 
compression effects on the fuel cell performance based on the polarization curve 
refined in mass transfer affected regime 
21, 40-43
. However, no predictable correlation 
between fuel cell performance and changes in GDL properties has been established 
since the electrochemical measurements are governed by complicatedly coupled 
factors. It is difficult to deconvolute the effect of a single factor on transport 
properties. Additionally, accurate multiphase transport characterization of GDLs, 
such as an appropriate capillary pressure and liquid saturation relationship, is required 
32 
 
in PEM fuel cell modeling. 
The influence of PTFE content, rib-channel structure, and compression on 
capillary properties of the commercial GDLs will be discussed in the following 
section. 
3.2 Experimental Section 
3.2.1 Experimental Materials 
The GDLs used in this work are Toray TGP-H- 060 and Toray TGP-H- 090. Toray 
TGP-H- 060 is used to investigate the effects of PTFE content, while Toray TGP-H- 
090 is for compression effects studies. Figure 3.2 displays a scanning electron 
microscopy (SEM) image of Toray carbon paper. A carbon paper has a complex and 
anisotropic straight fibrous structure with various pore sizes ranging from few 
microns to tens of microns and is coated with Teflon® to increase the hydrophobic 
property in the gas diffusion layer. 
 
Figure 3.2 Toray carbon paper (left to right): TGP-H carbon paper, SEM surface, 
SEM cross section) 
44
(Image courtesy of Toray Composites (America), Inc.) 
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5                       (3.1) 
Where 	
 is porosity of the GDL without PTFE coating,  is the bulk density of 
the matrix, which is 0.44 g/cm
3
 for carbon paper. The PTFE® content  is given by 
the manufacturers in %,  is the density of Teflon, which is 1.2 g/cm
3
. Table 3.1 
shows the physical properties of Toray-H series. 
Table 3.1 Basic data for Toray TGP-H series 
Properties Units Toray TGP-H-060 Toray TGP-H-090 
PTFE content wt% 10 20 30 20 
Thickness µm 190 200 210 280 
Porosity % 75 71 67 71 
3.2.2 Test Cells 
A schematic of the test cell is shown in Figure 3.3. In our experiment, the sample is 
compressed between two end plates. The top plate is made of acrylic plastic and the 
bottom plate is made of stainless steel. Stainless steel is selected because its 
hydrophilic property can prevent formation of air pockets between the GDL and the 
bottom plate. The ribs are evenly distributed within the stainless steel plate to support 
the GDL. To prevent the sample from being over compressed, constant compression 
force is usually used by controlling the assembling torque. In this experiment, 
 
constant compression is
the two end plates, as shown in 
the GDL are made of expanded Teflon® sheet
area of the stainless steel plate and gasket 2 is matched to that of a 
arrangement is used to 
are compressed, the edge portion of the sample sitting above gasket 1 is compressed, 
resulting in sealed edges to prevent water channeling through the edges. 
uncompressed thickness of the two gaskets is approximately 50 microm
than that of an uncompressed 
(a) Cross-sectional view of the fixture
 controlled by the thickness of metal shims placed between 
Figure 3.3(b). The two gaskets around the edges of 
. Gasket 1 is matched to the machined 
prevent water from flowing over the edges









(b) Top view of the fixture
Figure 3.3 Schematic of the test cell
3.2.3 System Setups 
A schematic of the volume displacement setup is shown 
water is forced into the 
filled the moment the pressure is changed
the system reaches equilibrium as the pressure is 
First, the horizontal tube is filled with water by the vertical tube as v
closed and valve 1 and 2 
before adding into the vertical tube because air
with the liquid saturation measurement. Liquid water is intruded into the chamber 




sample, it is not expected that all accessible pore volume is 
. The pressure-controlled 
adjusted. 
are open. It is important to deionize and 





. When liquid 
approach ensures 
alve 3 is 




GDL sample, and valve 1 is closed. Valve 2 and 3 are open to fill the chamber below 
the GDL sample. The liquid water pressure is measured with a pressure transducer. 
The height of horizontal tube is raised or lowered to adjust the hydrostatic pressure to 
produce data for imbibition and drainage. The pressure transducer is located at the 
same level as the bottom of the sample, so the liquid water pressure is the reading 
value relative to the atmospheric pressure. By tracking the movement of the meniscus 
in the horizontal tube liquid saturation in the GDL can be obtained. Two ends of the 
openings are exposed to saturated air to avoid the evaporation effects 
33
. The 
evaporation rate is determined by measuring the water volume change in the 
horizontal tube over 24 hours, which is 6.92*10
-5
 ml/min on average. This value 
depends on the temperature and relative humidity of the room and varies slightly 
from day to day.  
 





3.3 Data Analysis 
Capillary pressure is controlled by adjusting the liquid pressure and calculated by 
equation 3.2. 
 ,  -  ,  -                      (3.2) 
 is the atmospheric pressure.  is the liquid water pressure. 
A typical liquid pressure versus liquid volume curve is shown in Figure 3.5. 
Each cycle includes a drainage and imbibition curve. The sample is initially dry and 
the water uptake is determined by the volume change after the inflection point. The 
fill-up curve is used to determine the inflection point. The horizontal section of the 
fill-up curve is the liquid water volume we need to fill the chamber. The inflection 
point refers to the starting point at which liquid water is assumed to completely fill 
the chamber below the sample. After this point, the liquid begins to penetrate into the 
sample. The starting point could be determined from the liquid pressure versus liquid 
volume curve during the fill-up process.  
In general, fluids with contact angle between 55° and 125° are considered 
intermediate and often exhibit mixed and complex wetting tendencies 33. Such GDL 
sample would not spontaneously absorb the liquid water unless the liquid pressure 
needed for penetration into these carbon materials exceeds the gas pressure. There is 





Based on the data in Figure 3.5, a typical capillary pressure curve reflecting 
relationship between capillary pressure and saturation can be derived. The saturation 
level is given by the equation 3.3 below: 
                  	> , 1 - 	 ·
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ABCD
                        (3.3-a)                    
 . ,  · 	E                      (3.3-b) 
        F ,
GHIJ
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                             (3.3-c) 
 is the displaced water volume, 	 is the porosity of uncompressed GDL sample, 
	′ is the porosity of compressed GDL sample  is the total volume of GDL 
sample, . is the void volume of compressed GDL sample,  is the 
thickness of compressed sample (controlled by thickness of the shims),  is 
the thickness of uncompressed sample. 
3.4 Results and Discussions 
3.4.1 Effects of Channel/Rib Structure 
Channel/rib structure, to some extent, causes non-uniform compression along the 
GDL, and consequently affects the pore geometry. In order to investigate the effects 
of channel/rib structure on two-phase flow transport, two configurations were 





Figure 3.5 Liquid water pressure versus displaced volume curve  
3.4.1.1 Experimental Configurations 
Configuration 1 is the same test cell described in section 3.2.2. In configuration 2, a 
hydrophilic porous plate (from Scientific Commodities, Inc) is employed to support 
the GDL sample at the bottom, while a hydrophobic porous plate is placed at the top 
of the GDL. The hydrophilic plate remains completely saturated. The hydrophobic 
porous plate is dry, allowing air to go through freely. The bubble point of this 
hydrophilic layer is measured at – 4500 Pa and breakthrough point of hydrophobic 
























Liquid water volume, ml
fill-up 1st drainage 1st imibibition 2nd drainage 2nd imibibition
 
kept within this range, liquid water will maintain its continuity in the GDL.  
(a) Configuration 1 
(b) Configuration 2 
Figure 3.6 Two different 
measurement 
3.4.1.2 Comparison of Experimental Results
In the evaluation of fuel cell performance, the 
investigated 
45-46
, including the effects of the number of channels and the ratio of 
channel/rib widths. Optimized value for the 
that the ohmic resistance and gas flow rate can be balanced. In our designed 
configurations used for capillary pressure curve 
 between Different 
channel/rib structure






 has been 





configurations, the ratio between channel and rib width (C/R) is chosen to be 1:1 and 
1:1.5. 
The capillary curves of Toray TGP-H-060, 10 wt% wetproof for two different 
configurations were shown in Figure 3.7 and the results were compared with 
Heebong’s data 
9
. The test cell used in Heebong’s data is the same as that used for 
curve 2 but without shims on the edges to control the thickness. The discrepancy of 
the results is apparent. Even though Heebong’s data using the same test cell structure 
as curve 2, the slightly higher injection pressure is found in curve 2. Unlike 
Heebong’s data in which the thickness of GDL in well-sealed cell cannot be clearly 
determined, the thickness of the GDL in present study is controlled by shims on the 
edges and is known as 25 µm less than that of the uncompressed GDL. The higher 
capillary pressure in the large saturation change section in curve 2 is likely to be 
caused by higher compression of the GDL. While, the saturation level ranges in 
Heebong’s data compared favorably to that in curve 2. This is expected in that same 
channel/rib structures are applied in curve 2 and Heebong’s experiment.  
By comparing saturation levels in curve 2 with that in curve 3 at the same 
capillary pressure, it is found out that with the same configutation, the lower the ratio 
of channel/rib width is, the less saturation level is shown in the curves. GDL is almost 
uncompressed between the channels but rigidly compressed between the ribs. This 
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fact leads to significant local variations in porosity and tortuosity and it therefore has 
an effect on mass transport through the GDL. C/R ratio of 1:1.5 leads to lower 
effective porosity in the GDL and lower liquid water saturation level. This effect is 
further demonstrated by the difference in the shapes of the capillary pressure curves 
between curve 3 and curve 4. With the same C/R ratio, curve 4 shows the capillary 
curves for configuration 2, while curve 3 is the capillary curves for configuration 1. 
Apparently, curve 4 has the least saturation level range. This is because the whole 
GDL area is compressed between two porous plates in curve 4, no intrusion into the 
channels occurs. In this study, a single value of porosity ε> in equation 3.3 was 
assumed in two configurations; non-uniform compression effect on porosity 
distribution in configuration 1 is not taken into consideration. 
The effect of rib/channel structure on saturation level distribution in both 
through-plane and in-plane directions will be further demonstrated by neutron 




Figure 3.7 A set of capillary curves for Toray TGP-H-060, 10% wetproof. Curve 1 is 
the data from Heebong (configuration 1 with the ratio of C/R at 1:1), curve 2 is 
measured by using configuration 1 with the ratio of C/R at 1:1, curve 3 is measured 
by using configuration 1 with the ratio of C/R at 1:1.5, curve 4 is measured by using 
configuration 2 with ratio of C/R at 1:1.5.  
3.4.2 Effects of PTFE Content 
Hydrophobic treatment has been proved to prevent spontaneous wicking of water into 
GDL pores, and affect fuel cell performance accordingly 
47-48
. It is important to 
connect PTFE treatment steps with quantitative measurements of liquid water inside 
the GDL. In this section, a series of Toray TGP-H-060 with various PTFE content are 




























Capillary curves for Toray TGP-H-060 with 10 wt%, 20 wt%, 30 wt% wetproof 
for configuration 1 are shown in Figure 3.8. The curves follow the similar trend with 
each other, but exhibit slight qualitative differences. Toray TGP-H-060 treated with 
10 wt% wetproof reaches saturation Sw of 0.43 at Pc 1500 Pa, whereas the ones with 
20 wt% and 30 wt% wetproof have saturation of 0.38, 0.39 respectively at the same 
capillary pressure. This phenomenon can be attributed to the fact that more 
hydrophobic fluoropolymer covers the surface of graphite carbon, accordingly, 
reduces the hydrophilic connection pathways. It is also observed that increasing 
Teflon loading, beyond 20 wt% wetproof, has little effect on the capillary property of 
GDL samples because additional fluoropolymer is not uniformly covering graphite 
carbon surface, instead, it thickens the existing coating of Teflon 
49
. Previous studies 
showed the similar threshold value of wetproof in carbon paper for the capillary 
pressure measurement. Kumbur et al 50 found the difference of capillary curve 
observed between 5 and 10 wt% papers is larger than that between 10 and 20 wt% in 
SGL paper. Lobato et al 51 observed no obvious change of capillary curve for E-Tek 
paper from 40 wt% wetproof down to 10 wt%. 
Besides, the pressure for the entire saturation range shifts to more positive 
value with the addition of Teflon. This can be explained by the fact that the surface 
45 
 
becomes hydrophobic as graphitic carbon is covered with the fluoropolymer 32. 
Moreover, no apparent hysteresis is observed. According to the literature 
52
, the 
hysteresis in typical capillary pressure curves is attributed to the fact that drainage of 
a wetting phase from a pore is controlled by the size of the throats whereas imbibition 
of a wetting phase into a pore is controlled by the size of the pore body. Therefore, 
capillary pressure is lower for water withdrawal than that for water imbibition. It 
could be deduced that within such low capillary pressure range, the liquid water has 
no accessibility to the small pores. Both imbibition and drainage happen within the 
body of relatively large pores. Therefore, hysteresis is hardly observed from our 
experimental results. 
The breakthrough point is determined by the drastic saturation change as liquid 
water breaks through the sample. Figure 3.8 shows the significant liquid volume 
uptake as it reaches the breakthrough point. Once water breaks through the sample, 
the test is terminated. The saturation level for Toray TGP-H-060, 10% wetproof 
reaches 65% before breakthrough occurs. While, the saturation levels of the sample 
with 20% and 30% wetproof are up to 55%, 48% respectively at the breakthrough 
point. Such high saturation levels at the breakthrough point are caused by the fact that 
full face injection allows numerous dead-end liquid clusters to enter the GDL from 
the bottom surface. These clusters occupy the porous space without penetrating the 
46 
 
GDL, causing high saturation level before water breakthrough 52. The saturation 
levels decrease as the Teflon loading increases from 10wt% to 30wt%. This is 
because the hydrophobic fluoropolymer decreases the total connected hydrophilic 
pathways, thus reduces the potential water retention capacity. 
 
 
Figure 3.8 Capillary curves for Toray TGP-H-060 carbon papers  
3.4.3 Effects of Compression 
In a fuel cell stack, an optimum assembly pressure is required to prevent leakage and 
assure surface contact between different components. Low compression could cause 























10% wetproof 20% wetproof 30% wetproof
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compression could lead to permanent deformation of the GDL due to both 
morphological changes and possible loss of hydrophobicity 
20
. Such changes would 
not only affect the electrical properties in fuel cells but also capillary transport 
properties in the GDLs. In this work, the effect of compression on the capillary 
curves is examined by altering the thickness of shims to illustrate the effect of 
assembly pressure on the transport characteristics of the GDLs. 
In this experiment, Toray TGP-H-090 is applied for compression effect studies 
because Toray TGP-H-090 is thicker than Toray TGP-H-060 and thicker GDL 
amplifies the effect of compression on reduction in pore volume so that the changes 
on capillary pressure curves can be evidently observed 
53
. Comparing Toray 
TGP-H-090 with thickness of 280 µm, TGP-H-060 with the approximate thickness of 
200µm shows more compact and rigid structure and appears to be less resistive to 
deformation. For Toray TGP-H-060, the difference of capillary curves upon different 
compression may be not distinctive enough to illustrate the effect of compression.  
Figure 3.9 shows the capillary pressure curves of Toray TGP-H-090 with 20 wt% 
wetproof for configuration 1. The extent of compression is controlled by different 
shim thicknesses, which are 200 µm, 225 µm, 275 µm, respectively. Each curve 
shares the similar trend in low capillary pressure range, but differentiates from each 
other quantitatively at higher capillary pressure. Higher capillary pressure is required 
48 
 
to maintain the same saturation level as the compression increases because the 
compression can cause a decrease in the pore size.  
The compression effect on capillary pressure curves is distinctive as the shims 
thickness changes from 275 µm to 225 µm, whereas there is almost no variation of 
capillary pressure curve after the thickness reaches as low as 200µm. Referring to 
stress - strain relationship 
545453
, the compressive strain governs the degree of the pore 
size reduction, and the increase of stress corresponds to shims thickness decrease. In 
this relationship, it shows that the compressive strain is sensitive to changes in 
compression pressure, and reaches a maximum value after a sharp increase in the 
slope of the stress - strain curve. The increasing slope can be attributed to increase in 
stiffness of the GDL with compression. As the GDL is compressed, the available pore 
space reduces and affects the capillary pressure within the pores. This explains the 
reason for the substantial increase in capillary pressure as the thickness of shims 
decreases from 275 µm to 225 µm. While the negligible change of the capillary 
curve for shim thickness at 200 µm demonstrates that the carbon paper cannot be 




Figure 3.9 Capillary pressure curves for Toray TGP-H-090, 20% wetproof under 
different compression in configuration 1 
 For configuration 2, the capillary curves with different thickness of shims were 
shown in Figure 3.10. Same as configuration 1, higher capillary pressure is required 
to reach the same saturation level as the compression increases. The breakthrough 
pressure increases as compression force rises in configuration 2, whereas the 
breakthrough pressure in configuration 1 does not change with compression. This is 
due to the fact that the sample is partially compressed in configuration 1 but rigidly 
compressed in configuration 2. The rigid compression in configuration 2 results in 
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pathway for liquid water breakthrough and higher capillary pressure is needed to 
force water out of the GDL. Comparing the capillary curve in Figure 3.10 with that in 
Figure 3.9, the capillary pressure curves for configuration 2 have a smaller range of 
saturation level than those for configuration 1, such phenomenon is attributed to 
channel/rib structure, which has been explained in detail in section 3.4.2. 
 
Figure 3.10 Capillary pressure curves for Toray TGP-H-090,20% wetproof under 
different compression in configuration 2 
3.5 Conclusions 
The capillary curves for two different configurations have shown indirect evidence of 
spatial variation in local transport properties. As the channel-rib width ratio reduces, 
























curve 1(Thk 275 µm) curve 2(Thk 225 µm) curve 3(Thk 200 µm)
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the saturation level decreases. The results also show that threshold value of wetproof 
in carbon paper for the capillary pressure of Toray TGP-H-060 is around 20%, since 
additional fluoropolymer is not uniformly covering graphite carbon surface, instead, 
it thickens the existing coat of Teflon. Compression has been proved to lead to 
different morphological properties and capillary characteristics.  
The discontinuity of the surface contact area at the channel/rib interface creates 
inhomogeneous compression distributions, yielding changes in local physical 
properties of the GDL. The portion of the GDL in contact with the ribs suffers higher 
compression, whereas the portion under the channel experiences less compression 
and tends to intrude into flow channels. This may yield discrete regions with different 
characteristic pore radii, thus resulting in different transport properties, such as 
non-uniform saturation level distribution. Therefore, the capillary transport in porous 
media cannot be sufficiently characterized through the concept of an average 
saturation vs capillary pressure, since each region in GDL exhibits distinct capillary 
behaviors. Instead, an improved approach to analyze the transport would be to 
construct a finite number of discrete zones that represent the measured morphology 
(i.e., pore size and wettability) and corresponding capillarity characteristics. A 





Figure 3.11 A conceptual schematic of discrete zones representing spatial variation 













Neutron radiography of water distribution in  
a gas diffusion layer 
4.1 Introduction  
Over past decades, a variety of novel inspection techniques has been introduced for 
visualizing water distribution inside the fuel cell. This can be done either through 
transparent cell based on optical diagnostics, such as fluorescence spectroscopy or a 




For fluorescence spectroscopy, a probe molecule sensitive to water content is 
added to the objects. The probe molecule is first triggered by the light emitted from a 
xenon source and the emitted light is collected through an optic window inserted in 
the membrane. However, only qualitative information about water content in porous 
media can be obtained by fluorescence spectroscopy method because depth 
perception from the top of the transparent window is limited 55.  
X-ray and neutron radiographic methods share several similarities. For example, 
the intensity of an initial radiation source used in both techniques is attenuated as it 
passes through an object. The attenuation is measured and creates an image, or 
radiograph. Figure 4.1 shows the comparison of the attenuation coefficients between 
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both techniques. An atom’s orbital electrons attenuate X rays. Thus, X-ray 
attenuation steadily increases with increasing atomic number due to the increasing 
orbital electron count. However, the difference of attenuation between carbon and 
water is not evident enough to differentiate these two molecules because they have 
very close atomic numbers. Besides, because of the highly reflective nature of GDLs, 
it is hard to differ carbon materials from water, making it almost impossible to 
quantitatively evaluate the volume of water 
56
. 
 Comparing with X-ray radiography, neutron attenuation occurs through 
interaction with the nuclei in a material. Hydrogenous materials, such as water, 
significantly attenuate neutrons. Compared to water, metal materials used in fuel cells, 
such as aluminum or stainless steel, are transparent to neutrons. This characteristic of 
high sensitivity to hydrogen and relatively low attenuation of neutrons of metals are 
suitable for imaging distribution of water content in PEMFC which consists of copper, 




Figure 4.1 Neutron and X-ray attenuation coefficients versus atomic number 
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4.2 Neutron Imaging Mechanism 
 
Figure 4.2 Diagram that represents the neutron imaging mechanism  
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As shown in Figure 4.2, if a beam of neutrons with an intensity of I0 passes through 
an aluminum plate with a thickness of   and porous media which contain liquid 
water with a thickness of  , then the intensity of attenuated neutrons Ifinal is 
calculated with the following equation: 
                       MN , M
 · O
( ∑ ·QRQR · O( ∑ ·/S=TU/S=TU             (4.1) 
High energy neutrons (MeV) are created by fission reaction. The high energy 
neutron beam is filtered out by a single crystal bismuth filter which is transmissive to 
thermal neutrons when cooled down to 77K. The filtered beam is then collimated 
with a thermal neutron pinhole. The neutron beam is then attenuated by the elements 
within the cell, Ifinal, as described by Eq.(4.1). A scintillation screen contacted with 
the detector converts the intensity Ifinal to visible light. This visible light is converted 
into photoelectrons which are intensified by the image intensifier. Then the 
photoelectrons are focused onto an output phosphor. The visible light with greater 
intensity is converted by the output phosphor. The resulting light is captured by the 
CCD camera and converted to a digital gray scale image 57. Figure 4.3 shows the 




Figure 4.3 Experimental setup of neutron radiography at NIST 
57
 (Reprint from Ref. 
[57], copyright 2007, with permission from Elsevier). 
4.3 Experimental Section 
4.3.1 Experimental Setups and Procedure 
Experiments were conducted at Beam Tube 2 (BT-2) of the Center for Neutron 
Research (NCNR), a research center of the National Institute of Standards and 
Technology (NIST). Details on neutron imaging were described in Figure 4.3. A 
schematic of the fixture used in this neutron imaging study is shown in Figure 4.4. 
 
The GDL sample was aligned between two end aluminum plates. The edges of the 
sample were sealed with Teflon gasket. The dimensions of the aluminum end plates 
are shown in Figure 4.5. The GDL sample used
with 10 wt% wetproof, which has an uncompressed thickness of 370 
was 2 cm * 1 cm. In the measurement, the sample thickness 
thickness of the metal shims placed between the two end
The sample was exposed to a neutron beam in the 
collected by a detector on the other side. Liquid water was introduced from the 
bottom of the sample, and pressure was recorded by a pressure transducer below the 
sample. The capillary pressure was controlled within the range of liquid water 
breakthrough point by a microfluidic pump. The pump rate was 0.01 ml/hr.
Figure 4.4 Micro-pump system setup
 in this study was Toray TGP
was
 plates. 




µm. Sample size 




Figure 4.5 Dimensions of the aluminum end plates
4.3.2 Image Analysis 
The relationship between gray value within the digital image and neutron beam 
intensity can be described as below:
                                 
C is amplified light coefficient emitted by the image intensifier output phosphor, 
Goffset is gray level offset value resulting from charge build
be obtained by taking t
The background images were acquired while the neutron beam was not active. 
Because of the additive and constant nature of this offset to a pixel’s gray level,
can be effectively removed fr
image. Once the background image was obtained, this data was averaged and 
 
 
                       V , WMN & VNN                   
-up in the CCD. This can 
he dark image, which is also regarded as background image. 








subtracted from image data.
After gaining the background images, neutron beam was tuned on; two sets of 
data were taken: dry imag
series of the dry sample wa
content in the sample 
image and the reference image.
Figure 4.6 Transmission image
4.4 Results and Discussion
The wet image is shown in Figure 4.7(a), in the bottom end plate, liquid water was 
introduced into the water reservoir by the inlet b
fixture. The dark area is ch
the region with 2 mm*2 mm rib, and filled with less amount of water. The contrast in 
 
es and wet images. Before the wet images were acquired, a 
re taken and averaged as the reference image. The water 




elow the channel in the middle of the 




grayness level in these two regions is due to the water thickness difference 
the regions in the channel
versus the distance in
block above the bottom plate is gas diffusion layer. 
Figure 4.7 (a) Wet image of neutron imaging
Figure 4.7 (b) Line profiles
image 

















s and ribs. A line profile that plots pixel gray level value 
 the in-plane direction is shown in Figure 4.7 (b). The gray 
 
 
 of pixel gray level values along the red line in the 
Figure 4.8 (a) is converted to water thickness by 










analysis software. Since the water thickness in both channel and rib regions are 
known, which are 6 mm and 4
along the in-plane direction can be 
images. The profile of water thickness 
Figure 4.8 (a) Image of density in 
Figure 4.8 (b) Line profile of water thickness along the red line in 
The rib-channel structure creates an inhomogeneous compression distribution 
























 mm respectively, a line profile of water thickness 
used as a secondary calibration for the neutron 
is shown in Figure 4.8 (b).  
wet sample 
F








while the GDL region between the channels was less constrained. In order to 
investigate the effect of compression on the water distribution in GDL sample, the 
water thickness distribution in two different positions (‘a’ and ‘b’) along the 
through-plane direction was compared
distribution along these two positions before breakthrough point is shown in Fig
4.10. 
 
Figure 4.9 A representive diagram of two positions (a and b) for investigation of the 
effect of compression on the GDL (position a: the dash line from midway of the 
channel containing the rib at X=0, through the GDL to pixel location X=45; position 
b: the solid line from midway of the channel without the rib at X=0, through the GDL 
to pixel location X=45)
As shown in Figure 4.9, position 
channel containing 2 mm 
, as shown in Figure 4.9. The water thickness 
 
‘a’ represents the region from midway of the 






position ‘b’ stretches from midway of the channel without rib through GDL. In 
Figure 4.10, water thickness below the GDL at position ‘a’ is 4 mm, which is 2 mm 
less than that below GDL at position ‘b’. This is because the rib below the GDL at 
position ‘a’ takes up 2 mm thickness in the channel. One also sees that the liquid 
water thickness profile in the GDL at position ‘a’ is less than that at position ‘b’, 
illustrating the role of the flow field elements on the local water distribution in the 
GDL. The region above the ribs is more compressed leading to different morphologic 
properties and different capillary pressure properties. The region above the channels 
is less compressed, because the GDL is allowed to protrude into the channels. The 
protrusion of the GDL into the liquid channel causes the water thickness to drop 
below 6 mm before the rib/GDL interface. One could determine the depth of the GDL 
protrusion into the channel by the position at which the water thickness starts to drop 
below 6 mm. In this study it is roughly 30 µm. The effect of GDL protrusion into the 
channel was also observed in the reference 
58
. From the rib/GDL interface, the water 
thickness drops gradually to zero half way through the GDL. Similar water 





Figure 4.10 Water thickness distribution along through
‘a’ and ‘b’ before breakthrough at capillary pressure (Position a and b conrresponding 
to the description shown in Figure 4.9)
After breakthrough point, liquid 
through-plane direction increases in both positions comparing with that before 
breakthrough. At lower capillary pressure, the water retains on one side near the 
water reservoir. As pressure increases, the liquid water 
and then out of the opposite side of GDL after 
the breakthrough point, liquid water tends to retain on both sides of GDL, this can be 
attributed to the non-uniform porosity distribution along t
observed by Büchi 
59
. As shown in 
the opposite side reaches as high as 3 mm, corresponding to the saturation level 
-plane direction for positions 
 
water thickness all through the GDL 
moves to the center of GDL 
the breakthrough point. When reach
he through
Figure 4.11, the water thickness in position b on 










channels, but also have effects on the in
water distribution decreases gradually along the through
investigating the water distribution alo
(‘top’ and ‘bottom’) are chosen
Figure 4.11 Water thickness distribution al
‘a’ and ‘b’ after breakthrough 
ure does not only cause the pertrusion of GDL into 
-plane water distribution pattern. Since the 
-plane direction, when 
ng in-plane direction, two different positions 
, as shown in Figure 4.12. 
ong through-plane direction for 
 





Figure 4.12 A represe
investigation of in-plane water distribution pattern in the GDL (top: the dash line 
across the whole GDL at X=30; bottom: the dash line across the GDL at X=2)
The water thickness along in
shown in Figure 4.13 (a)
be seen that the average value 
top position, this can be used as a validation f
through-plane direction shown in 
inside the GDL above the ribs is thinner than that above the channels in 
position. The average water thickness above th
above the channel is 1.66 mm. Such water distribution trend disappears in 
position. It can be deduced that 
GDL at this pressure level
ntive diagram of two positions (top and bottom) for 
-plane direction, at capillary pressure 4300 Pa, is 
. By comparing the water thickness in two positions, it can 
of the bottom position is 4 times larger than that 
or the water distribution pattern in 
Figure 4.10. It is evident that the water thickness 
e rib is 1.05 mm, and the average value 










Figure 4.13 (a) water thickness distribution along in
breakthrough, Pc=4300 Pa )
Figure 4.13 (b) water saturation along in
Pc=4300 Pa ) 
-plane direction (before 
 






Eq. (4.3) illustrates the relationship between water thickness and liquid water 
saturation. The water thickness in Figure 4.13 (a) can be converted to water saturation 




                           (4.3) 
Where   is the thickness of water,  is the thickness of the compressed 
GDL sample under the ribs and 	 is the porosity. In reality, due to non-uniform 
compression effects caused by the rib/channel structure, the porosity and the 
thickness above the rib should be smaller than from that above the channel. 
Accordingly, the void volume above the channel is larger than that above the rib. In 
our studies, however, ε and  are assumed to be uniform since no data for local 
porosity and thickness are available. The calculated saturation level above the rib is 
0.24, while, the saturation level above the channel is 0.37. The saturation level in 
channel-channel region is likely to be less than 0.37 in practical condition.  
     As the capillary pressure increases, the water thickness in both positions 
increases accordingly. After breakthrough point, in Figure 4.14(a), the water thickness 
above the channel reaches 2.03 mm at the bottom postion, the value above the rib is 
as high as 1.65 mm. The avarage liquid water saturation levels in two different 
positions are 0.46, 0.37 respectively, as shown in Figure 4.14(b). In practical situation, 
the saturation level between the channels should be lower than the calculated value 
since the void volume between the channels is larger than that between the ribs. 
 
Figure 4.14 (a) water thickness distribution along in
breakthrough, Pc=5400 Pa)
Figure 4.14 (b) water saturation level distribution along in
breakthrough, Pc=5400 Pa)
-plane direction (after 
 






As seen from the top position in 
appears to occur through a pathway above the liquid channel at which the liquid inlet 
is located. The fact that the breakthrough point occurs above the liquid inlet is not 
surprising because the region above the liqui
exerted by the microfluidic pump. Once a liquid pathway through the GDL is created, 
the liquid water saturation level in the GDL above this liquid channel drops slightly 
as the liquid pressure in the GDL is reduced.
Figure 4.15 Two-dimensional water distributions in the GDL before and after liquid 
breakthrough (z-axes and color bars are water thickness in mm)
Figure 4.15 shows the 2D liquid water 
Figure 4.16 right before and afte
Figure 4.14(b), liquid water breakthrough 
d inlet experiences the highest pressure 
 
 
distribution in the region shown in 




the water distribution in 2D pattern, the breakthrough point is obvious at capillary 
pressure 5400 Pa, the position correspond to the right position shown in 
From the interface between GDL and r
increases as pressure rises. The gradually decreasing trend is also shown in 2D water 
thickness distribution. 
 
Figure 4.16 Schematic of the region (rectangle c
4.5 Conclusions 
Liquid water distributions in a gas diffusion layer during imbibition and drainage 
were investigated using neutron imaging. 
different morphological properties (lower void volume and smaller pore sizes) and, 
consequently, different transport (capillary pressure and permeability) properties of 
the GDL in these regions.
in the GDL in the regions above the ribs 
above the liquid channels. 
the difference in compression of the GDL due to the channel
field. In our studies, the void volume based on compressed thickness and porosity 
was assumed to be the same in 
ibs, the water thickness on the interface 
-d-f-e) of the 2D plots in 
Higher compression between the ribs led to 
 The results showed that the liquid water level distributions 
were different from those in the regions 
The difference in the liquid saturation level 
-rib structure of the flow 









non-uniform thickness and porosity were not taken into account. Therefore, the liquid 
saturation level in the channel-channel regions needs to be further confirmed. The 
results also showed that liquid water breakthrough occurred at a location in the GDL 
above the liquid channel where liquid water was introduced. Once breakthrough 
occurred, the liquid pressure dropped, the saturation level in the GDL in the region 
below the breakthrough point dropped, and liquid water flow through this established 
pathway was maintained. The effect of non-uniform compression on the GDL 
morphological and transport properties needs to be taken into consideration in future 
















Future work and recommendations 
5.1 Capillary Pressure Measurements for Micro-porous Layer (MPL) in PEM 
Fuel Cells 
Two approaches have been taken to solve water flooding problems in PEM fuel cells. 
In the first approach, GDLs were treated with hydrophobic fluoropolymer to expel 
excessive water inside the cell. In the second approach, the MPL was placed between 
GDL and catalyst layer to improve mass transfer. It helps prevent water generated in 
catalyst layer from moving through the GDL to the gas channel in cathode side, and 
creates higher liquid pressure for water to permeate back from the cathode to the 
anode. Evidently, the addition of MPL will change the two-phase flow pattern in a 
PEM fuel cell. It is therefore necessary to identify the capillary properties of the 
MPLs.  
Comparing with macro-porous materials used for GDLs, a MPL has a larger 
amount of PTFE content and smaller pore size. These properties make an MPL more 
hydrophobic than a GDL. Some researchers have measured the capillary curves for 





No similar work has been done or published using the volume displacement method. 
Therefore, it is recommended that the volume displacement method be used to 
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measure the capillary pressure curves for MPLs.  
5.2 Expressions of Capillary Curves for Modeling in PEM Fuel Cells  
Various curve fittings have been developed from experimental data for capillary 
pressure measurements. However, none of the fitting curves have been generalized to 
describe all the GDLs with specific pore size distribution and wettability. Once the 
generalized expression of capillary curves for GDLs is known, the capillary pressure 
versus water saturation relationship can be obtained for all porous media with 
substitution of physical properties of these materials. And the expression can be 
substituted into simulation models without testing all GDL samples. 
Moreover, the results from neutron imaging tell us non-uniform saturation and 
capillary pressure distributions exist in the porous media because of non-uniform 
compression created by the geometry of the flow field distributor. This must be taken 
into consideration when developing the expressions for capillary pressure curves for 
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Raw Data of Volume Displacement Measurements for Toray 
TGP-H-060 and Toray TGP-H-090 
Table A.1 Raw data for Toray TGP-H-060 used in configuration 1 (H: height of 
horizontal tube; time: duration time for each scan (min); P: pressure (cmH2O); V: 
volume (corrected with evaporation rate)(cm3); S: saturation) 
Toray TGP-H-060, 
10 wt % wetproof 
Toray TGP-H-060, 
20 wt % wetproof 
Toray TGP-H-060, 
30 wt % wetproof 
H T P V H T P V H T P V 
57.0 15 2.19 0.693 58.0 10 -0.23 0.462 57.5 0 -1.73 0.238 
57.5 11 2.56 0.726 59.0 15 0.45 0.467 58.0 13 -0.90 0.243 
58.0 11 3.30 0.874 59.5 11 1.05 0.632 58.5 10 -0.70 0.281 
58.5 76 3.30 1.182 60.0 20 1.20 0.693 59.0 15 -0.07 0.322 
59.1 35 4.34 1.540 60.5 20 1.50 0.862 59.5 10 0.22 0.346 
59.5 14 4.57 1.548 61.0 10 2.17 0.864 60.0 103 0.75 0.662 
60.0 11 5.23 1.549 62.0 16 3.15 0.867 60.5 11 1.20 0.664 
61.0 13 5.90 1.555 63.0 10 4.19 0.874 61.0 10 1.65 0.665 
62.0 15 7.09 1.564 64.0 10 5.09 0.876 62.0 10 2.85 0.670 
63.0 12 7.90 1.568 65.0 10 6.14 0.884 63.0 18 3.76 0.671 
64.0 11 9.02 1.573 67.0 11 8.17 0.890 65.0 10 5.69 0.676 
65.0 10 10.80 1.581 70.0 10 11.17 0.896 67.0 10 7.72 0.684 
66.0 10 11.17 1.584 72.0 10 13.25 0.899 68.0 13 8.77 0.690 
67.0 10 12.29 1.592 74.0 14 15.14 0.900 70.0 15 10.64 0.696 
70.0 10 15.33 1.596 75.0 10 16.12 0.904 72.0 12 12.74 0.701 
72.0 12 17.34 1.599 72.0 10 13.27 0.900 74.0 10 14.69 0.703 
70.0 10 15.55 1.597 70.0 8 11.02 0.892 75.0 10 15.70 0.703 
67.0 8 12.54 1.595 67.0 10 8.15 0.886 80.0 22 20.99 0.705 
65.0 10 10.51 1.590 65.0 10 6.24 0.884 77.0 15 17.92 0.703 
64.0 10 9.17 1.587 63.0 10 4.34 0.883 75.0 10 16.04 0.703 
63.0 14 8.57 1.585 61.0 10 2.32 0.882 72.0 10 12.97 0.702 
62.0 8 7.83 1.580 59.0 10 0.37 0.881 70.0 10 10.94 0.699 
61.0 10 6.32 1.578 57.0 10 -1.80 0.880 68.0 10 8.92 0.693 
60.0 10 5.53 1.577 59.0 10 0.15 0.881 66.0 12 7.34 0.688 
59.0 8 4.27 1.576 61.0 15 2.21 0.882 64.0 17 4.79 0.686 
58.0 10 3.23 1.575 64.0 7 5.02 0.884 61.0 10 1.80 0.683 
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57.0 12 2.56 1.574 67.0 8 8.17 0.889 59.0 10 -0.15 0.681 
58.0 10 3.67 1.575 70.0 7 11.12 0.894 57.0 10 -1.95 0.679 
59.0 10 4.27 1.576 72.0 10 13.27 0.897 59.0 10 -0.30 0.680 
60.0 10 5.39 1.577 75.0 7 16.12 0.901 60.0 10 0.37 0.681 
61.0 7 6.20 1.579 72.0 6 13.19 0.896 61.0 6 1.47 0.683 
62.0 11 7.24 1.580 70.0 6 11.39 0.895 63.0 5 3.37 0.685 
63.0 10 8.35 1.581 67.0 8 8.24 0.887 65.0 5 5.45 0.688 
64.0 10 8.80 1.586 65.0 6 6.37 0.886 67.0 30 7.44 0.691 
65.0 10 9.84 1.588 62.0 8 3.37 0.885 70.0 5 10.72 0.700 
66.0 13 11.10 1.590 60.0 7 1.65 0.884 72.0 7 12.89 0.701 
67.0 10 12.14 1.593 57.0 5 -1.27 0.882 75.0 6 15.74 0.703 
70.0 10 15.18 1.600 60.0 7 1.65 0.885 72.0 5 12.74 0.702 
72.0 10 17.04 1.601 63.0 7 4.42 0.886 70.0 5 11.24 0.700 
70.0 8 15.26 1.599 67.0 7 8.24 0.888 68.0 7 9.14 0.697 
67.0 10 12.36 1.598 70.0 4 11.17 0.894 67.0 7 8.17 0.694 
65.0 12 10.64 1.595 75.0 5 16.12 0.904 66.0 5 7.13 0.688 
64.0 15 9.24 1.588 80.0 5 21.14 0.908 64.0 11 5.17 0.687 
63.0 10 8.43 1.587 85.0 5 26.12 0.913 62.0 10 3.15 0.684 
61.0 10 6.72 1.581 90.0 8 31.41 0.916 60.0 6 1.12 0.682 
59.0 10 4.42 1.579 95.0 5 36.42 0.919 57.0 6 -1.95 0.679 
57.0 10 2.11 1.577 100.0 11 41.69 0.922 60.0 5 0.37 0.680 
59.0 10 4.05 1.578 102.0 5 42.51 0.934 62.0 5 2.55 0.683 
61.0 10 6.20 1.580     65.0 5 5.62 0.685 
63.0 10 7.91 1.582     70.0 5 10.64 0.699 
65.0 11 10.06 1.592     75.0 5 15.59 0.703 
67.0 10 11.99 1.598     80.0 5 20.62 0.706 
70.0 10 15.11 1.602     90.0 5 31.24 0.708 
75.0 10 20.45 1.607     95.0 5 36.74 0.709 
80.0 14 25.43 1.611     100.0 5 41.31 0.711 
85.0 10 30.26 1.618     105.0 5 44.29 0.711 
87.0 8 32.48 1.619     105.0 5 44.32 0.719 
90.0 10 35.53 1.621         
92.0 10 37.61 1.622         
95.0 10 40.50 1.625         
98.0 10 43.33 1.626         
100.0 13 45.26 1.628         
103.0 1 47.12 1.629         
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Table A.2 Raw Data for Toray TGP-H-090, 20 wt% wetproof used in configuration 1 
Thickness 275 µm Thickness 225 µm Thickness 200 µm 
H T P V H T P V H T P V 
58.0 1 2.26 0.998 58.0 2 2.26 1.474 58.0 5 1.263 0.196 
58.5 4 2.04 1.069 58.5 21 2.41 1.567 58.5 10 1.717 0.319 
59.0 20 2.41 1.179 59.1 10 2.71 1.658 59.1 5 2.329 0.325 
59.3 11 2.93 1.180 59.5 11 3.15 1.659 60.0 10 3.154 0.328 
59.5 10 2.93 1.181 60.0 13 3.90 1.661 60.5 11 3.896 0.329 
59.9 9 3.30 1.183 60.5 10 4.57 1.662 61.5 8 4.565 0.331 
60.3 10 3.67 1.185 61.0 6 4.86 1.664 62.0 15 4.862 0.333 
60.6 10 4.12 1.186 61.5 12 5.31 1.665 62.5 10 5.307 0.334 
61.0 10 4.79 1.187 62.0 20 5.83 1.668 63.0 10 5.827 0.339 
61.3 11 4.79 1.189 63.0 6 6.79 1.670 64.0 10 6.792 0.345 
61.5 9 5.16 1.190 63.5 12 7.02 1.673 64.5 10 7.015 0.348 
62.1 23 5.75 1.193 64.5 10 8.58 1.676 66.0 12 8.575 0.352 
62.5 13 5.90 1.195 65.0 12 8.72 1.678 66.5 10 8.723 0.357 
63.0 9 6.49 1.198 65.4 10 9.17 1.680 67.0 10 9.169 0.358 
63.5 19 6.94 1.202 66.0 10 9.69 1.683 67.5 10 9.688 0.358 
64.0 24 7.54 1.211 67.0 10 11.03 1.688 69.0 10 11.025 0.360 
64.3 23 7.83 1.214 68.0 13 11.84 1.690 69.5 10 11.842 0.364 
64.5 13 8.06 1.215 69.0 10 12.73 1.693 70.5 11 12.733 0.366 
65.0 23 8.87 1.230 70.0 15 13.96 1.695 71.5 13 13.955 0.368 
65.3 11 9.02 1.233 72.0 10 16.38 1.700 74.0 10 16.375 0.370 
65.5 11 9.32 1.235 72.0 14 16.45 1.703 72.0 10 14.067 0.366 
66.0 18 9.61 1.237 70.0 10 14.52 1.700 71.0 10 13.136 0.365 
67.0 27 10.73 1.242 68.0 6 12.74 1.699 70.0 8 11.889 0.363 
68.0 11 11.92 1.245 67.0 10 11.77 1.697 67.5 8 9.409 0.360 
69.5 12 13.18 1.250 65.0 13 9.69 1.695 65.5 10 7.379 0.356 
71.0 10 14.22 1.253 63.3 10 7.76 1.689 64.5 11 6.265 0.353 
72.0 11 15.33 1.255 62.0 10 6.64 1.687 62.0 6 4.928 0.350 
71.0 14 15.03 1.255 61.0 16 5.31 1.684 61.0 10 3.74 0.349 
69.5 12 13.62 1.254 59.9 11 4.12 1.683 60.0 8 2.858 0.347 
68.0 7 12.51 1.254 59.0 21 3.34 1.682 59.0 10 1.781 0.345 
67.0 12 11.10 1.253 58.2 10 2.56 1.681 58.0 11 0.796 0.345 
66.0 10 10.13 1.250 57.5 10 1.89 1.680 60.0 10 2.901 0.349 
65.0 11 9.39 1.248 57.0 8 1.08 1.680 62.0 10 4.705 0.352 
64.0 9 7.91 1.244 58.0 14 1.59 1.680 64.0 12 6.513 0.356 
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63.0 10 7.02 1.241 59.0 8 3.08 1.682 66.0 8 8.567 0.359 
62.0 10 6.12 1.237 59.9 10 3.82 1.683 67.0 10 9.489 0.360 
61.0 19 5.53 1.230 61.0 10 5.08 1.686 69.0 10 11.502 0.366 
60.0 13 4.49 1.224 62.0 10 5.83 1.687 72.0 10 14.359 0.375 
59.5 8 4.12 1.224 63.0 12 6.79 1.689 75.0 10 17.586 0.380 
59.0 8 3.53 1.218 64.1 5 7.76 1.692 72.5 10 15.007 0.373 
58.5 11 2.78 1.217 65.0 10 8.95 1.695 70.5 13 13.245 0.369 
57.5 8 2.04 1.216 66.0 11 9.87 1.699 68.5 9 11.346 0.365 
57.0 5 1.59 1.215 67.5 6 11.62 1.701 66.5 11 9.385 0.361 
58.0 8 1.82 1.216 69.0 8 12.88 1.702 64.0 8 6.899 0.358 
59.0 8 2.49 1.218 71.0 6 14.74 1.705 63.0 10 5.265 0.355 
60.0 12 3.60 1.220 73.0 5 16.97 1.709 61.0 11 3.334 0.352 
61.0 10 4.42 1.221 71.0 5 15.48 1.707 60.0 11 2.35 0.348 
62.0 8 5.31 1.224 69.0 5 13.62 1.704 58.0 10 0.661 0.347 
63.0 12 6.42 1.233 67.0 5 11.84 1.703 57.5 7 0.364 0.347 
64.0 14 7.68 1.244 65.0 10 9.76 1.700 58.0 10 0.884 0.348 
65.0 11 8.87 1.249 63.5 7 8.28 1.694 60.0 8 2.923 0.352 
66.0 9 9.84 1.252 62.0 6 6.64 1.691 62.0 6 4.983 0.354 
67.0 9 10.51 1.255 60.0 7 4.71 1.688 64.0 8 6.962 0.358 
68.0 10 11.99 1.258 59.0 10 3.23 1.686 66.0 5 8.938 0.360 
70.0 8 14.22 1.262 58.0 12 2.04 1.685 68.0 10 11.017 0.365 
72.0 9 15.78 1.264 57.0 10 1.74 1.685 70.0 5 13.433 0.370 
74.0 19 17.78 1.268 58.0 10 2.26 1.685 75.0 5 18.814 0.378 
72.0 9 16.15 1.268 59.5 8 3.30 1.687 80.0 5 23.364 0.383 
70.0 5 14.66 1.266 61.0 10 4.86 1.689 85.0 8 29.839 0.387 
68.0 6 12.36 1.263 63.0 6 6.94 1.693 90.0 15 34.962 0.388 
66.0 22 10.36 1.260 65.0 8 9.32 1.700 95.0 5 40.091 0.390 
64.0 9 8.28 1.254 67.0 5 11.40 1.704 100.0 10 45.215 0.391 
62.0 12 6.50 1.244 71.0 8 14.81 1.708 110.0 7 54.086 0.393 
60.0 9 4.19 1.233 75.0 5 19.19 1.715 115.0 5 57.135 0.406 
59.0 6 3.60 1.232 80.0 10 24.24 1.723     
58.0 7 2.04 1.224 85.0 5 29.22 1.728     
57.0 6 1.96 1.223 90.0 10 34.34 1.731     
59.0 11 3.01 1.225 97.0 10 41.47 1.735     
61.0 9 4.94 1.229 102.0 8 46.59 1.738     
63.0 14 6.42 1.238 110.0 8 54.47 1.742     
65.0 6 8.87 1.254 115.0 5 59.51 1.755     
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67.0 4 10.80 1.261         
70.0 5 14.07 1.267         
73.0 6 16.97 1.271         
77.0 7 21.12 1.276         
82.0 8 25.73 1.283         
87.0 5 31.08 1.292         
92.0 5 36.20 1.296         
97.0 5 41.25 1.299         
101.0 10 45.33 1.301         
104.0 5 48.01 1.303         
107.0 10 51.12 1.306         
110.0 11 54.02 1.309         
112.0 10 58.25 1.310         



























Table A.3 Raw Data for Toray TGP-H-090, 20 wt% wetproof used in configuration 2 
Thickness 275 µm Thickness 225 µm Thickness 200 µm 
H T P V H T P V H T P V 
58.5 10 2.24 0.117 58.0 10 2.85 0.677 57.5 11 2.56 0.867 
59.2 12 2.85 0.126 58.5 5 2.92 0.679 58.0 11 3.30 0.875 
59.7 23 3.30 0.130 59.5 10 4.27 0.680 58.5 76 3.30 0.881 
60.5 10 4.23 0.132 60.0 10 4.78 0.686 59.1 35 4.34 0.887 
61.5 10 5.32 0.134 60.5 15 5.57 0.696 59.5 14 4.57 0.892 
62.0 10 5.84 0.138 61.0 10 6.07 0.696 60.0 11 5.23 0.893 
63.0 10 6.74 0.143 62.0 10 7.09 0.696 61.0 13 5.90 0.893 
65.0 10 8.84 0.151 63.0 18 7.94 0.697 62.0 15 7.09 0.894 
67.0 12 10.94 0.156 65.0 12 8.72 0.698 63.0 12 7.90 0.894 
70.0 10 14.09 0.159 67.0 30 11.03 0.702 64.0 11 9.02 0.895 
72.0 15 16.27 0.161 70.0 13 13.96 0.712 65.0 10 10.80 0.897 
70.0 7 14.17 0.160 72.0 10 16.38 0.716 67.0 10 12.29 0.901 
67.0 10 11.24 0.158 74.0 10 18.15 0.718 70.0 10 15.33 0.907 
65.0 15 8.99 0.154 72.0 15 16.45 0.717 72.0 12 17.34 0.909 
63.0 20 7.19 0.148 70.0 10 14.52 0.716 70.0 10 15.55 0.908 
61.0 10 5.24 0.139 67.0 10 11.77 0.712 67.0 8 12.54 0.907 
59.0 30 3.30 0.136 65.0 13 9.69 0.710 65.0 10 10.51 0.904 
57.0 20 1.27 0.133 62.0 10 5.31 0.710 64.0 10 9.17 0.904 
59.0 5 2.62 0.135 61.0 5 4.12 0.709 63.0 5 8.57 0.903 
61.0 5 4.87 0.139 59.0 5 3.34 0.709 62.0 8 7.83 0.903 
63.0 5 6.89 0.147 61.0 10 5.08 0.709 60.0 5 5.53 0.903 
65.0 5 9.07 0.155 62.0 10 5.83 0.709 59.0 8 4.27 0.902 
67.0 5 11.02 0.159 63.0 12 6.79 0.710 58.0 10 3.23 0.902 
70.0 5 14.24 0.161 65.0 10 8.95 0.711 57.0 12 2.56 0.903 
72.0 5 16.27 0.162 67.5 16 11.62 0.712 59.0 10 4.27 0.903 
67.0 10 11.47 0.161 69.0 8 12.88 0.715 61.0 7 6.20 0.904 
65.0 10 9.52 0.156 71.0 6 14.74 0.717 63.0 10 8.35 0.905 
63.0 13 7.49 0.149 73.0 8 16.97 0.719 65.0 10 9.84 0.905 
60.5 4 5.02 0.141 71.0 5 15.48 0.718 67.0 10 12.14 0.907 
60.0 6 4.42 0.137 69.0 5 13.62 0.717 70.0 10 15.18 0.909 
57.0 7 1.35 0.133 67.0 5 11.84 0.714 72.0 10 17.04 0.910 
60.0 5 4.05 0.136 65.0 10 9.76 0.712 70.0 8 15.26 0.909 
63.0 10 7.04 0.145 63.5 7 8.28 0.711 67.0 10 12.36 0.908 
65.0 5 9.21 0.154 62.0 8 6.64 0.710 65.0 12 10.64 0.906 
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67.0 5 11.24 0.159 60.0 7 4.71 0.709 64.0 15 9.24 0.905 
70.0 15 14.32 0.162 59.0 10 3.23 0.709 63.0 10 8.43 0.904 
75.0 10 19.34 0.164 57.0 10 1.74 0.708 61.0 10 6.72 0.903 
80.0 5 24.44 0.166 59.5 8 3.30 0.709 59.0 10 4.42 0.903 
85.0 10 29.61 0.168 61.0 10 4.86 0.709 57.0 10 2.11 0.902 
90.0 10 34.67 0.169 63.0 7 6.94 0.710 59.0 10 4.05 0.903 
95.0 10 39.51 0.171 65.0 8 9.32 0.712 61.0 10 6.20 0.904 
100.0 5 45.13 0.173 67.0 5 11.40 0.715 63.0 10 7.91 0.904 
100.0 3 45.01 0.181 71.0 8 14.81 0.717 65.0 11 10.06 0.906 
    75.0 5 19.19 0.720 67.0 10 11.99 0.908 
    80.0 10 24.24 0.721 70.0 10 15.11 0.909 
    85.0 5 29.22 0.722 75.0 10 20.45 0.910 
    90.0 10 34.34 0.723 80.0 14 25.43 0.910 
    97.0 10 41.47 0.726 85.0 10 30.26 0.911 
    102.0 7 46.59 0.727 90.0 10 35.53 0.912 
    110.0 8 54.47 0.730 95.0 10 40.50 0.913 
    115.0 5 54.57 0.742 98.0 10 43.33 0.913 
        100.0 13 45.26 0.913 
        103.0 5 47.12 0.914 
        107.0 5 51.41 0.915 
        110.0 5 54.58 0.916 




















Experimental Data of Capillary Pressure Measurements 
Table B.1 Experimental data for Figure 3.7 (Toray TGP-H-060, 10wt% wetproof) (Pc: 
capillary pressure (Pa); S: saturation)  
Curve 1 Curve 2 Curve 3 Curve 4 
Pc S Pc S Pc S Pc S 
676.66 0.600 1752.5 0.657 1277.1 0.440 1373.8 0.348 
530.54 0.596 1492.6 0.650 1098.9 0.422 1180.7 0.324 
420.71 0.592 1269.8 0.643 797.3 0.406 1002.9 0.312 
252.03 0.585 1084.2 0.639 594.0 0.364 906.0 0.300 
130.43 0.570 980.2 0.635 460.3 0.335 698.0 0.284 
78.45 0.560 891.1 0.628 400.9 0.315 505.0 0.239 
30.40 0.545 802.0 0.618 326.7 0.274 393.6 0.221 
-1.96 0.523 712.9 0.617 175.5 0.257 259.9 0.201 
-18.63 0.493 616.4 0.607 96.5 0.252 141.1 0.194 
-46.09 0.248 527.3 0.591 -29.7 0.236 62.9 0.182 
-81.40 0.230 505.0 0.588 -133.7 0.230 -14.8 0.181 
-106.89 0.213 505.0 0.540 -200.5 0.224 -81.7 0.173 
-136.31 0.202 438.1 0.515 -89.1 0.231 -163.3 0.168 
-184.37 0.185 393.6 0.487 -29.7 0.238 -111.4 0.170 
-269.68 0.164 289.6 0.413 82.2 0.245 37.2 0.186 
-269.68 0.164 193.1 0.361 163.3 0.266 111.4 0.197 
-163.77 0.182 200.5 0.330 267.3 0.272 237.6 0.215 
-121.60 0.193 170.8 0.264 378.7 0.279 311.9 0.223 
-72.57 0.218 81.7 0.244 423.2 0.323 408.4 0.242 
-24.52 0.256 18.1 0.214 527.2 0.342 505.0 0.261 
-12.75 0.310 -51.9 0.190 653.0 0.359 623.8 0.287 
1.96 0.402 -89.1 0.171 757.4 0.391 716.0 0.314 
67.67 0.547 -133.6 0.159 1061.8 0.446 891.1 0.330 
121.60 0.572 -133.6 0.166 1247.4 0.453 1017.3 0.341 
187.31 0.581 -51.9 0.170 1069.2 0.437 1203.0 0.359 
248.11 0.586 -37.1 0.174 779.6 0.432 1425.7 0.394 
330.48 0.597 14.9 0.199 607.0 0.401 1277.2 0.373 
438.36 0.606 52.0 0.209 467.8 0.344 1091.6 0.354 
548.19 0.614 118.8 0.236 386.1 0.339 913.4 0.344 
659.99 0.621 178.2 0.263 215.3 0.285 705.6 0.322 
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  200.5 0.338 -14.9 0.268 557.0 0.279 
  289.6 0.377 -245.1 0.250 393.6 0.250 
  334.2 0.405 -52.0 0.257 200.5 0.232 
  401.0 0.503 163.3 0.277 52.0 0.218 
  467.8 0.530 334.1 0.296 -66.8 0.210 
  549.5 0.547 549.4 0.375 -96.5 0.205 
  683.3 0.607 742.5 0.431 -44.5 0.210 
  861.4 0.627 1054.4 0.462 59.4 0.224 
  1099.0 0.632 1588.0 0.506 215.4 0.242 
  1410.9 0.649 2086.5 0.547 423.3 0.269 
  1752.5 0.660 2569.2 0.603 660.9 0.319 
  1448.0 0.653 2791.9 0.611 868.8 0.349 
  1039.6 0.640 3096.4 0.630 1210.4 0.383 
  675.8 0.622 3304.3 0.637 1648.5 0.437 
  564.4 0.603 3593.9 0.668 2153.5 0.500 
  453.0 0.590 3876.0 0.675 2651.0 0.538 
  378.7 0.514 4069.1 0.693 3163.3 0.561 
  259.9 0.454 4255.4 0.704 3876.2 0.588 
  200.5 0.371 4284.4 0.823 4388.6 0.609 
  148.5 0.347   5175.7 0.641 
  122.1 0.264   5680.6 0.742 
  81.7 0.252     
  59.4 0.233     
  7.5 0.200     
  -96.5 0.173     
  -37.1 0.172     
  -7.4 0.174     
  7.5 0.182     
  44.6 0.207     
  81.7 0.236     
  148.5 0.258     
  215.4 0.350     
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  259.9 0.375     
  289.6 0.403     
  423.3 0.519     
  549.5 0.547     
  601.5 0.605     
  720.3 0.616     
  1017.3 0.632     
  1210.4 0.640     
  1440.6 0.651     
  1641.1 0.658     
  1849.0 0.660     
  2131.2 0.671     
  2443.0 0.682     
  2717.8 0.687     
  2940.6 0.692     
  3148.5 0.700     
  3452.9 0.706     
  3868.8 0.722     
  4053.3 0.724     

















Table B.2 Experimental data for Figure 3.8 (Toray TGP-H-060) (Pc: capillary 
pressure (Pa); S: saturation) 
10 wt% wetproof 20 wt% wetproof 30 wt% wetproof 
Pc S Pc S Pc S 
1277.1 0.440 1462.1 0.385 2024.6 0.425 
1098.9 0.422 1177.2 0.348 1717.1 0.407 
797.3 0.406 952.3 0.273 1529.7 0.401 
594.0 0.364 665.2 0.220 1222.3 0.395 
460.3 0.335 474.9 0.199 1019.8 0.364 
400.9 0.315 284.9 0.194 817.3 0.299 
326.7 0.274 82.5 0.180 659.9 0.258 
175.5 0.257 -112.5 0.175 404.9 0.231 
96.5 0.252 -329.9 0.162 105.0 0.208 
-29.7 0.236 -134.9 0.172 -89.9 0.186 
-133.7 0.230 71.9 0.187 -269.9 0.163 
-200.5 0.224 352.4 0.199 -104.9 0.174 
-89.1 0.231 667.3 0.249 -37.5 0.185 
-29.7 0.238 962.9 0.292 72.5 0.206 
82.2 0.245 1177.2 0.318 262.5 0.229 
163.3 0.266 1462.1 0.361 470.7 0.251 
267.3 0.272 1169.7 0.311 669.0 0.284 
378.7 0.279 989.8 0.300 997.3 0.373 
423.2 0.323 674.8 0.233 1214.8 0.386 
527.2 0.342 487.4 0.221 1499.7 0.399 
653.0 0.359 187.5 0.209 1199.7 0.388 
757.4 0.391 15.0 0.197 1049.8 0.377 
1061.8 0.446 -276.9 0.187 839.8 0.339 
1247.4 0.453 15.0 0.206 742.4 0.318 
1069.2 0.437 292.4 0.218 638.1 0.256 
779.6 0.432 674.8 0.238 442.4 0.241 
607.0 0.401 967.3 0.290 240.0 0.218 
467.8 0.344 1462.1 0.382 37.5 0.197 
386.1 0.339 1964.5 0.418 -269.9 0.160 
215.3 0.285 2462.9 0.470 -37.5 0.174 
-14.9 0.268 2991.8 0.497 180.0 0.205 
-245.1 0.250 3492.0 0.525 487.4 0.227 
-52.0 0.257 4019.0 0.550 989.8 0.367 
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163.3 0.277 4101.5 0.657 1484.7 0.398 
334.1 0.296   1987.1 0.429 
549.4 0.375   3049.1 0.451 
742.5 0.431   3599.2 0.465 
1054.4 0.462   4056.6 0.479 
1588.0 0.506   4354.0 0.485 
2086.5 0.547   4357.2 0.566 
2569.2 0.603     
2791.9 0.611     
3096.4 0.630     
3304.3 0.637     
3593.9 0.668     
3876.0 0.675     
4069.1 0.693     
4255.4 0.704     

























Table B.3 Experimental data for Figure 3.9 (Toray TGP-H-090, 20wt% wetproof) (Pc: 
capillary pressure (Pa); S: saturation)  
Thickness 275 µm Thickness 225 µm Thickness 200 µm 
Pc S Pc S Pc S 
1292.1 0.433 1373.8 0.348 1404.6 0.402 
1262.1 0.433 1180.7 0.324 1173.8 0.360 
1121.3 0.428 1002.9 0.312 1080.7 0.353 
1009.9 0.426 906.0 0.300 956.0 0.330 
868.8 0.417 698.0 0.284 708.0 0.304 
772.3 0.401 505.0 0.239 505.0 0.269 
698.0 0.392 393.6 0.221 393.6 0.241 
549.5 0.371 259.9 0.201 259.9 0.211 
460.4 0.354 141.1 0.194 141.1 0.204 
371.3 0.327 62.9 0.182 52.9 0.192 
311.9 0.290 -14.8 0.181 -54.8 0.171 
208.0 0.258 -81.7 0.173 -153.3 0.168 
170.8 0.253 -163.3 0.168 57.2 0.206 
111.4 0.220 -111.4 0.170 237.6 0.235 
37.2 0.214 37.2 0.186 418.4 0.266 
-37.1 0.209 111.4 0.197 623.8 0.297 
-81.7 0.204 237.6 0.215 716.0 0.304 
-59.4 0.209 311.9 0.223 917.3 0.361 
7.5 0.220 408.4 0.242 1203.0 0.439 
118.8 0.230 505.0 0.261 1525.7 0.484 
289.6 0.255 623.8 0.287 1267.8 0.423 
401.0 0.304 716.0 0.314 1091.6 0.384 
527.3 0.370 891.1 0.330 901.7 0.354 
646.1 0.398 1017.3 0.341 705.6 0.312 
742.6 0.414 1203.0 0.359 457.0 0.289 
809.4 0.431 1425.7 0.394 293.6 0.256 
957.9 0.447 1277.2 0.373 100.5 0.232 
1180.7 0.472 1091.6 0.354 2.1 0.198 
1336.7 0.483 913.4 0.344 -166.8 0.190 
1537.2 0.506 705.6 0.322 -196.5 0.185 
1373.8 0.505 557.0 0.279 -144.5 0.200 
1225.3 0.492 393.6 0.250 59.4 0.234 
995.1 0.478 200.5 0.232 265.4 0.252 
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794.6 0.459 52.0 0.218 463.3 0.289 
586.7 0.425 -66.8 0.210 660.9 0.309 
408.4 0.370 -96.5 0.205 868.8 0.349 
178.2 0.305 -44.5 0.210 1110.4 0.393 
118.8 0.300 59.4 0.224 1648.5 0.467 
-37.1 0.256 215.4 0.242 2103.5 0.520 
-45.1 0.250 423.3 0.269 2751.0 0.548 
59.4 0.261 660.9 0.319 3263.3 0.561 
252.5 0.283 868.8 0.349 3776.2 0.578 
401.0 0.337 1210.4 0.383 4288.6 0.589 
646.1 0.426 1648.5 0.437 5175.7 0.603 
839.1 0.464 2153.5 0.500 5480.6 0.724 
1165.9 0.497 2651.0 0.538   
1455.5 0.519 3163.3 0.561   
1871.3 0.552 3876.2 0.588   
2331.7 0.590 4388.6 0.609   
2866.4 0.640 5175.7 0.641   
3378.7 0.662 5680.6 0.742   
3883.7 0.678     
4292.1 0.691     
4559.4 0.700     
4871.3 0.716     
5160.9 0.738     
5584.2 0.744     















Table B.4 Experimental data for Figure 3.10 (Toray TGP-H-090, 20wt% wetproof) 
(Pc: capillary pressure (Pa); S: saturation)  
Thickness 275 µm Thickness 225 µm Thickness 200 µm 
Pc S Pc S Pc S 
1297.2 0.287 1258.0 0.251 1277.1 0.223 
1087.2 0.275 1087.2 0.241 1098.9 0.215 
794.8 0.262 894.1 0.226 797.3 0.190 
569.8 0.223 619.4 0.182 594.0 0.163 
389.9 0.166 411.4 0.164 460.3 0.154 
194.9 0.082 -26.7 0.157 400.9 0.150 
0.0 0.051 -145.5 0.154 326.7 0.143 
-202.5 0.025 -223.7 0.151 96.5 0.139 
-67.5 0.046 -49.0 0.154 -29.7 0.136 
157.4 0.083 25.3 0.156 -133.7 0.135 
359.9 0.159 121.8 0.158 -200.5 0.139 
577.3 0.227 337.2 0.170 -29.7 0.142 
772.3 0.272 604.5 0.187 163.3 0.154 
1094.0 0.285 730.7 0.219 378.7 0.164 
1297.2 0.298 916.4 0.243 527.2 0.174 
817.3 0.285 1139.1 0.256 757.4 0.202 
622.3 0.241 990.6 0.253 1061.8 0.223 
419.9 0.179 805.0 0.241 1247.4 0.229 
172.9 0.098 626.8 0.209 1069.2 0.222 
112.4 0.064 419.0 0.184 779.6 0.206 
-195.0 0.029 270.4 0.170 607.0 0.189 
75.0 0.058 107.0 0.160 467.8 0.165 
374.9 0.139 -86.1 0.151 386.1 0.156 
591.7 0.223 -234.6 0.148 215.3 0.148 
794.8 0.268 -383.1 0.147 -14.9 0.139 
1102.2 0.300 -227.2 0.151 -245.1 0.131 
1604.6 0.318 -71.2 0.154 -52.0 0.141 
2114.5 0.332 136.7 0.168 163.3 0.150 
2631.8 0.350 374.3 0.191 334.1 0.160 
3137.8 0.361 582.2 0.225 549.4 0.188 
3621.6 0.379 923.8 0.247 742.5 0.208 
4183.9 0.401 1361.9 0.272 1054.4 0.226 
4171.8 0.470 1866.9 0.284 1588.0 0.235 
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  2364.4 0.299 2086.5 0.242 
  2876.7 0.311 2569.2 0.252 
  3589.6 0.342 3096.4 0.262 
  4102.0 0.356 3593.9 0.271 
  4889.1 0.388 3876.0 0.274 
  4899.7 0.515 4069.1 0.281 
    4255.4 0.284 
    4684.4 0.298 
    5001.1 0.312 
































Experimental Data of Neutron Imaging 
Table C.1 Liquid water thickness and saturation level in through-plane direction (X: 
position in X-axis (Pixel), ThK_1: liquid water thickness before breakthrough (mm), 
ThK_2: liquid water thickness after breakthrough (mm)) 
 Position a Position b 
X ThK_1 ThK_2 ThK_1 ThK_2 
45 6.40E-02 4.45E-01 6.69E-02 3.28E+00 
44 3.90E-01 1.86E+00 9.21E-02 3.50E-01 
43 5.99E-02 1.91E+00 1.37E-01 2.57E+00 
42 8.14E-02 7.59E-01 1.00E-01 3.39E+00 
41 1.13E-01 2.57E-01 5.81E-02 2.00E+00 
40 7.78E-02 7.58E-01 1.12E-01 1.74E+00 
39 2.43E-01 7.53E-02 9.82E-02 8.61E-01 
38 1.96E-01 9.27E-02 2.44E-01 1.16E+00 
37 1.01E-01 1.00E+00 1.26E-01 1.00E+00 
36 4.55E-01 1.60E+00 4.70E-01 1.60E+00 
35 2.04E-01 1.77E-01 7.08E-02 2.91E-01 
34 3.20E-02 2.36E-01 7.90E-02 8.19E-01 
33 1.82E-01 8.61E-01 1.38E-01 4.33E-01 
32 5.97E-02 4.54E-01 9.35E-01 8.74E-01 
31 2.39E-01 3.84E-01 4.22E-01 4.16E-01 
30 2.50E-01 3.50E-01 4.10E-01 2.61E-01 
29 1.42E+00 1.01E+00 6.09E-01 8.85E-01 
28 8.42E-01 1.05E+00 5.00E-01 8.13E-02 
27 1.05E+00 2.78E-01 4.43E-01 3.76E-01 
26 2.30E-01 5.22E-01 1.87E-01 5.56E-01 
25 5.96E-01 1.39E+00 1.38E-01 -1.59E-01 
24 7.78E-02 1.00E+00 5.70E-01 2.56E-01 
23 2.19E-02 1.19E+00 5.28E-01 -3.14E-01 
22 1.76E-03 1.13E+00 2.20E+00 1.60E+00 
21 1.14E+00 4.65E-01 1.26E+00 1.90E+00 
20 1.87E-01 1.37E+00 8.26E-01 4.24E-01 
19 1.08E+00 9.18E-01 1.76E-01 -8.48E-01 
18 1.06E+00 3.21E-01 9.45E-01 6.10E-01 
17 1.87E+00 9.24E-01 6.89E-01 3.00E-01 
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16 2.49E+00 2.02E+00 1.83E+00 1.17E+00 
15 2.53E+00 2.26E+00 2.68E+00 1.27E+00 
14 2.83E+00 2.51E+00 2.91E+00 3.02E+00 
13 3.51E+00 3.25E+00 3.92E+00 3.53E+00 
12 4.12E+00 3.96E+00 4.47E+00 4.26E+00 
11 4.30E+00 3.76E+00 5.17E+00 5.28E+00 
10 4.01E+00 4.00E+00 5.02E+00 5.18E+00 
9 3.41E+00 4.36E+00 5.72E+00 6.01E+00 
8 3.97E+00 3.74E+00 5.56E+00 5.75E+00 
7 3.90E+00 4.01E+00 5.87E+00 5.68E+00 
6 3.77E+00 4.13E+00 5.58E+00 5.84E+00 
5 4.42E+00 3.49E+00 6.30E+00 6.08E+00 
4 4.24E+00 4.08E+00 6.20E+00 5.46E+00 
3 4.32E+00 4.11E+00 5.63E+00 5.12E+00 
2 4.53E+00 4.05E+00 5.98E+00 6.54E+00 

























Table C.2 Liquid water thickness and saturation level in through-plane direction 
before breakthrough (Y: position in Y-axis (Pixel), ThK: liquid water thickness (mm), 
S: liquid water saturation level) 
 bottom top 
Y ThK S ThK S 
1 2.59E+00 0.431 7.68E-02 0.013 
2 1.97E+00 0.328 2.29E-01 0.038 
3 2.36E+00 0.393 3.94E-01 0.066 
4 2.17E+00 0.362 1.77E-01 0.030 
5 2.67E+00 0.445 5.15E-01 0.086 
6 1.96E+00 0.326 3.86E-01 0.064 
7 1.75E+00 0.291 9.39E-02 0.016 
8 1.50E+00 0.251 9.36E-01 0.156 
9 2.00E+00 0.333 1.38E-01 0.023 
10 2.43E+00 0.404 2.00E-01 0.033 
11 1.62E+00 0.271 8.06E-02 0.013 
12 2.73E+00 0.455 4.25E-01 0.071 
13 2.15E+00 0.358 7.14E-01 0.119 
14 2.71E+00 0.452 9.29E-02 0.015 
15 2.06E+00 0.344 6.66E-01 0.111 
16 2.47E+00 0.411 7.88E-01 0.131 
17 1.37E+00 0.228 5.16E-01 0.086 
18 1.43E+00 0.238 2.15E-01 0.036 
19 1.40E+00 0.234 1.30E-01 0.022 
20 1.36E+00 0.227 4.23E-01 0.071 
21 1.34E+00 0.223 5.58E-01 0.093 
22 1.46E+00 0.243 4.48E-01 0.075 
23 1.12E+00 0.187 2.14E-01 0.036 
24 1.21E+00 0.202 5.79E-02 0.010 
25 9.36E-01 0.156 1.81E-01 0.030 
26 1.48E+00 0.246 1.23E-01 0.020 
27 1.30E+00 0.217 4.99E-01 0.083 
28 1.39E+00 0.232 1.10E-01 0.018 
29 2.21E+00 0.368 5.18E-03 0.001 
30 2.04E+00 0.341 1.16E-01 0.019 
31 2.94E+00 0.490 1.24E-01 0.021 
32 2.12E+00 0.353 4.42E-01 0.074 
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33 2.51E+00 0.418 3.48E-01 0.058 
34 2.36E+00 0.393 2.16E-01 0.036 
35 2.91E+00 0.485 1.17E-01 0.020 
36 2.62E+00 0.437 4.60E-01 0.077 
37 2.36E+00 0.393 7.07E-01 0.118 
38 1.82E+00 0.303 2.28E-01 0.038 
39 2.48E+00 0.413 2.91E-01 0.049 
40 2.63E+00 0.439 2.54E-01 0.042 
41 2.81E+00 0.468 1.29E-01 0.021 
42 2.29E+00 0.382 4.61E-01 0.077 
43 2.42E+00 0.403 3.11E-01 0.052 
44 1.58E+00 0.263 4.32E-01 0.072 
45 2.25E+00 0.375 7.93E-01 0.132 
46 2.47E+00 0.412 6.01E-01 0.100 
47 2.34E+00 0.389 6.19E-02 0.010 
48 2.87E+00 0.478 2.32E-01 0.039 
49 1.78E+00 0.296 3.56E-02 0.006 
50 1.80E+00 0.300 1.47E-01 0.024 
51 2.14E+00 0.357 3.84E-01 0.064 
52 1.64E+00 0.274 7.54E-02 0.013 
53 1.45E+00 0.241 5.52E-01 0.092 
54 1.26E+00 0.210 2.22E-02 0.004 
55 1.15E+00 0.191 9.78E-03 0.002 
56 7.93E-01 0.132 9.31E-02 0.016 
57 1.08E+00 0.181 9.78E-02 0.016 
58 1.06E+00 0.177 2.12E-01 0.035 
59 8.82E-01 0.147 4.01E-01 0.067 
60 2.74E-01 0.046 1.04E-01 0.017 
61 9.98E-01 0.166 2.07E-01 0.035 
62 7.22E-01 0.120 1.55E-01 0.026 
63 9.57E-01 0.160 1.36E-01 0.023 
64 5.45E-01 0.091 2.62E-01 0.044 
65 5.61E-01 0.093 4.95E-02 0.008 
66 1.08E+00 0.180 1.59E-01 0.027 
67 1.20E+00 0.200 3.99E-01 0.067 
68 2.04E+00 0.340 1.28E-01 0.021 
69 1.29E+00 0.215 2.54E-01 0.042 
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70 1.89E+00 0.315 1.31E-01 0.022 
71 2.34E+00 0.391 4.68E-01 0.078 
72 2.15E+00 0.359 2.83E-01 0.047 
73 1.74E+00 0.291 4.03E-01 0.067 
74 1.59E+00 0.265 2.28E-02 0.004 
75 2.15E+00 0.359 3.85E-01 0.064 
76 2.09E+00 0.348 1.28E-01 0.021 
77 1.23E+00 0.206 7.25E-01 0.121 
78 7.29E-01 0.122 7.80E-02 0.013 
79 1.35E+00 0.224 1.86E-01 0.031 
80 1.50E+00 0.250 2.53E-01 0.042 
81 1.21E+00 0.201 4.87E-01 0.081 
82 1.01E+00 0.168 4.48E-01 0.075 
83 1.71E+00 0.285 3.39E-01 0.057 
84 2.03E+00 0.339 1.38E-01 0.023 
85 2.27E+00 0.378 1.21E-01 0.020 
86 1.82E+00 0.303 4.01E-02 0.007 
87 1.47E+00 0.244 1.30E-01 0.022 
88 9.10E-01 0.152 2.82E-02 0.005 
89 9.54E-01 0.159 2.28E-01 0.038 
90 1.11E+00 0.185 1.12E-01 0.019 
91 1.42E+00 0.236 5.00E-01 0.083 
92 1.00E+00 0.167 3.19E-01 0.053 
93 1.40E+00 0.233 3.41E-01 0.057 
94 1.32E+00 0.221 8.26E-02 0.014 
95 4.75E-01 0.079 3.68E-03 0.001 
96 1.11E+00 0.185 1.88E-01 0.031 
97 8.87E-01 0.148 3.91E-01 0.065 
98 1.32E+00 0.219 3.54E-01 0.059 
99 1.11E+00 0.186 3.44E-01 0.057 
100 1.65E+00 0.275 3.70E-01 0.062 
101 2.12E+00 0.354 1.21E-01 0.020 
102 1.57E+00 0.262 6.55E-01 0.109 
103 2.02E+00 0.337 1.43E-01 0.024 
104 1.70E+00 0.283 2.06E-01 0.034 
105 1.94E+00 0.323 1.52E-01 0.025 
106 2.33E+00 0.388 4.11E-01 0.068 
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107 1.83E+00 0.305 3.24E-01 0.054 
108 1.83E+00 0.305 3.05E-01 0.051 
109 2.20E+00 0.367 2.05E-01 0.034 
110 2.31E+00 0.385 5.54E-01 0.092 
111 1.95E+00 0.325 1.10E-01 0.018 
112 1.97E+00 0.329 3.73E-02 0.006 
113 1.82E+00 0.303 2.01E-01 0.034 
114 1.61E+00 0.269 3.81E-01 0.063 
115 1.87E+00 0.312 7.91E-02 0.013 
116 1.80E+00 0.300 5.95E-02 0.010 
117 2.47E+00 0.412 2.33E-02 0.004 
118 1.54E+00 0.257 4.36E-01 0.073 
119 1.82E+00 0.304 6.06E-02 0.010 
120 2.41E+00 0.402 1.85E-01 0.031 
121 2.81E+00 0.468 1.04E-01 0.017 
122 2.54E+00 0.423 1.55E-01 0.026 
123 3.26E+00 0.543 3.55E-01 0.059 
124 2.62E+00 0.437 2.47E-01 0.041 
125 2.50E+00 0.416 1.65E-01 0.027 
126 3.00E+00 0.501 2.15E-01 0.036 
127 2.71E+00 0.452 6.66E-01 0.111 
128 1.61E+00 0.269 5.51E-01 0.092 
129 2.15E+00 0.359 8.70E-01 0.145 
130 1.88E+00 0.313 1.53E-01 0.025 
131 2.05E+00 0.342 7.02E-01 0.117 
132 1.76E+00 0.293 2.95E-01 0.049 
133 1.45E+00 0.241 3.64E-01 0.061 
134 1.58E+00 0.264 3.53E-01 0.059 
135 1.70E+00 0.283 2.51E-02 0.004 
136 1.18E+00 0.197 2.48E-02 0.004 
137 1.15E+00 0.192 2.83E-01 0.047 
138 1.24E+00 0.207 1.23E-01 0.020 
139 1.57E+00 0.261 1.83E-01 0.030 
140 1.25E+00 0.208 5.78E-01 0.096 
141 1.20E+00 0.201 6.59E-02 0.011 
142 1.32E+00 0.220 2.71E-01 0.045 
143 1.09E+00 0.181 1.01E-01 0.017 
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144 1.27E+00 0.212 8.08E-03 0.001 
145 1.19E+00 0.199 2.30E-03 0.000 
146 6.89E-01 0.115 1.12E-02 0.002 
147 9.77E-01 0.163 4.99E-01 0.083 
148 1.48E+00 0.247 7.40E-02 0.012 
149 8.66E-01 0.144 4.74E-01 0.079 
150 5.22E-01 0.087 3.11E-01 0.052 
151 1.42E+00 0.237 3.76E-01 0.063 
152 1.53E+00 0.255 4.19E-01 0.070 
153 9.44E-01 0.157 7.13E-02 0.012 
154 6.38E-01 0.106 1.04E-01 0.017 
155 8.59E-01 0.143 3.68E-01 0.061 
156 9.31E-01 0.155 1.67E-02 0.003 
157 1.35E+00 0.224 2.84E-02 0.005 
158 1.50E+00 0.250 3.32E-01 0.055 
159 1.74E+00 0.290 1.16E-01 0.019 
























Table C.3 Liquid water thickness and saturation level in through-plane direction after 
breakthrough (Y: position in Y-axis (Pixel), ThK: liquid water thickness (mm), S: 
liquid water saturation level) 
 bottom top 
Y ThK S ThK S 
1 2.71E+00 0.610 1.30E-01 0.029 
2 2.49E+00 0.561 4.11E-01 0.093 
3 2.07E+00 0.466 3.60E-01 0.081 
4 2.33E+00 0.524 3.36E-01 0.076 
5 2.42E+00 0.545 4.91E-01 0.111 
6 2.72E+00 0.612 2.96E-01 0.067 
7 2.52E+00 0.567 6.62E-02 0.015 
8 2.24E+00 0.505 6.04E-01 0.136 
9 2.00E+00 0.451 2.67E-02 0.006 
10 2.78E+00 0.626 2.31E-01 0.052 
11 2.31E+00 0.521 1.26E-02 0.003 
12 3.02E+00 0.681 7.37E-01 0.166 
13 2.72E+00 0.613 8.69E-01 0.196 
14 3.04E+00 0.685 2.00E-01 0.045 
15 2.52E+00 0.568 5.58E-01 0.126 
16 2.37E+00 0.534 5.71E-01 0.129 
17 2.22E+00 0.500 4.08E-01 0.092 
18 1.80E+00 0.406 9.15E-02 0.021 
19 1.58E+00 0.356 3.48E-01 0.078 
20 1.60E+00 0.361 3.45E-01 0.078 
21 2.10E+00 0.474 3.81E-01 0.086 
22 1.53E+00 0.344 2.89E-01 0.065 
23 1.73E+00 0.389 3.78E-01 0.085 
24 1.36E+00 0.306 7.37E-03 0.002 
25 1.37E+00 0.309 2.37E-01 0.053 
26 1.36E+00 0.306 1.48E-01 0.033 
27 1.40E+00 0.315 2.36E-01 0.053 
28 1.65E+00 0.372 4.68E-01 0.105 
29 1.70E+00 0.383 5.44E-01 0.122 
30 2.63E+00 0.592 8.80E-02 0.020 
31 2.74E+00 0.617 1.88E-01 0.042 
32 2.49E+00 0.561 2.19E-01 0.049 
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33 2.50E+00 0.563 4.33E-01 0.097 
34 2.62E+00 0.590 7.43E-02 0.017 
35 2.97E+00 0.669 3.92E-02 0.009 
36 3.28E+00 0.738 3.34E-01 0.075 
37 2.93E+00 0.661 4.04E-01 0.091 
38 2.38E+00 0.537 1.64E-01 0.037 
39 2.70E+00 0.608 4.57E-01 0.103 
40 2.60E+00 0.585 2.65E-01 0.060 
41 3.25E+00 0.731 4.22E-01 0.095 
42 3.14E+00 0.708 4.97E-02 0.011 
43 2.70E+00 0.608 5.78E-01 0.130 
44 2.34E+00 0.527 1.11E-01 0.025 
45 2.72E+00 0.612 8.42E-01 0.190 
46 2.66E+00 0.600 5.43E-01 0.122 
47 2.59E+00 0.583 3.84E-01 0.087 
48 2.61E+00 0.588 3.34E-01 0.075 
49 2.11E+00 0.476 1.12E-01 0.025 
50 2.44E+00 0.549 4.34E-01 0.098 
51 2.33E+00 0.524 3.76E-01 0.085 
52 2.19E+00 0.493 3.46E-01 0.078 
53 2.03E+00 0.458 1.02E+00 0.231 
54 1.74E+00 0.391 9.50E-01 0.214 
55 1.75E+00 0.393 1.26E+00 0.284 
56 1.41E+00 0.317 7.72E-01 0.174 
57 1.36E+00 0.305 1.24E+00 0.279 
58 1.67E+00 0.377 1.16E+00 0.262 
59 1.23E+00 0.277 1.40E+00 0.316 
60 1.48E+00 0.334 1.21E+00 0.274 
61 1.33E+00 0.300 1.65E+00 0.371 
62 1.63E+00 0.368 1.04E+00 0.235 
63 1.66E+00 0.374 8.55E-01 0.193 
64 1.18E+00 0.265 1.12E+00 0.252 
65 1.35E+00 0.304 1.16E+00 0.261 
66 1.79E+00 0.402 8.09E-01 0.182 
67 1.25E+00 0.282 1.55E+00 0.350 
68 2.47E+00 0.557 2.09E+00 0.470 
69 2.49E+00 0.562 1.73E+00 0.391 
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70 2.55E+00 0.575 1.95E+00 0.440 
71 2.90E+00 0.652 1.54E+00 0.346 
72 2.66E+00 0.598 1.97E+00 0.443 
73 2.23E+00 0.502 1.88E+00 0.423 
74 2.20E+00 0.495 1.95E+00 0.440 
75 2.28E+00 0.514 1.83E+00 0.413 
76 2.64E+00 0.594 1.84E+00 0.413 
77 1.73E+00 0.391 1.94E+00 0.436 
78 9.05E-01 0.204 1.48E+00 0.334 
79 1.78E+00 0.402 1.66E+00 0.374 
80 1.92E+00 0.431 1.26E+00 0.284 
81 1.59E+00 0.359 1.48E+00 0.334 
82 2.07E+00 0.465 4.47E-01 0.101 
83 2.03E+00 0.456 1.10E+00 0.247 
84 2.64E+00 0.595 5.03E-01 0.113 
85 2.70E+00 0.608 8.84E-01 0.199 
86 2.18E+00 0.490 9.78E-01 0.220 
87 1.76E+00 0.396 4.38E-01 0.099 
88 2.37E+00 0.534 8.75E-02 0.020 
89 9.56E-01 0.215 1.86E-01 0.042 
90 1.18E+00 0.265 5.66E-03 0.001 
91 1.32E+00 0.297 6.23E-01 0.140 
92 1.14E+00 0.258 5.00E-01 0.113 
93 9.93E-01 0.224 2.84E-01 0.064 
94 1.52E+00 0.341 2.87E-02 0.006 
95 8.79E-01 0.198 5.25E-01 0.118 
96 1.10E+00 0.247 3.76E-01 0.085 
97 1.10E+00 0.247 9.07E-02 0.020 
98 1.58E+00 0.355 4.38E-02 0.010 
99 1.82E+00 0.409 2.06E-01 0.046 
100 1.86E+00 0.419 2.07E-01 0.047 
101 2.25E+00 0.507 1.65E-01 0.037 
102 2.70E+00 0.609 6.12E-01 0.138 
103 2.24E+00 0.505 1.53E-01 0.035 
104 2.18E+00 0.491 3.68E-01 0.083 
105 2.64E+00 0.596 9.56E-02 0.022 
106 3.10E+00 0.699 4.59E-01 0.103 
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107 2.13E+00 0.479 5.34E-01 0.120 
108 2.83E+00 0.637 1.66E-01 0.037 
109 2.21E+00 0.497 1.13E-01 0.025 
110 3.10E+00 0.699 3.01E-01 0.068 
111 2.18E+00 0.490 3.13E-02 0.007 
112 2.05E+00 0.461 8.93E-02 0.020 
113 2.08E+00 0.467 5.13E-01 0.116 
114 2.29E+00 0.515 4.12E-01 0.093 
115 2.05E+00 0.463 4.16E-01 0.094 
116 2.58E+00 0.581 3.03E-01 0.068 
117 2.95E+00 0.665 3.74E-02 0.008 
118 2.47E+00 0.555 1.94E-01 0.044 
119 1.60E+00 0.361 2.13E-02 0.005 
120 2.35E+00 0.530 2.24E-01 0.051 
121 2.94E+00 0.663 2.72E-01 0.061 
122 2.65E+00 0.597 6.39E-01 0.144 
123 3.04E+00 0.686 6.31E-01 0.142 
124 3.61E+00 0.813 5.82E-01 0.131 
125 3.15E+00 0.708 1.69E-01 0.038 
126 2.61E+00 0.588 1.95E-01 0.044 
127 2.75E+00 0.619 3.62E-01 0.082 
128 2.54E+00 0.571 1.08E-01 0.024 
129 3.14E+00 0.706 5.77E-01 0.130 
130 2.28E+00 0.512 2.71E-01 0.061 
131 2.61E+00 0.588 4.59E-01 0.103 
132 1.80E+00 0.405 2.54E-01 0.057 
133 1.28E+00 0.289 5.93E-01 0.134 
134 1.45E+00 0.326 3.88E-01 0.087 
135 2.11E+00 0.474 1.08E-01 0.024 
136 2.09E+00 0.471 1.70E-01 0.038 
137 1.88E+00 0.424 4.98E-01 0.112 
138 1.91E+00 0.429 3.21E-01 0.072 
139 1.80E+00 0.405 3.38E-02 0.008 
140 1.47E+00 0.332 3.47E-01 0.078 
141 1.60E+00 0.361 1.71E-02 0.004 
142 1.46E+00 0.329 1.18E-01 0.026 
143 1.23E+00 0.276 1.52E-01 0.034 
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144 1.55E+00 0.350 8.86E-02 0.020 
145 1.27E+00 0.285 5.87E-02 0.013 
146 1.28E+00 0.288 1.19E-01 0.027 
147 1.39E+00 0.313 3.33E-01 0.075 
148 1.79E+00 0.403 2.68E-02 0.006 
149 1.53E+00 0.345 3.83E-01 0.086 
150 1.01E+00 0.227 4.83E-01 0.109 
151 1.50E+00 0.337 2.64E-01 0.060 
152 1.92E+00 0.433 6.12E-01 0.138 
153 1.35E+00 0.304 1.08E-01 0.024 
154 1.00E+00 0.226 1.09E-01 0.025 
155 1.89E+00 0.426 1.62E-01 0.036 
156 1.40E+00 0.314 9.69E-02 0.022 
157 1.56E+00 0.352 9.06E-02 0.020 
158 1.66E+00 0.375 1.59E-01 0.036 
159 2.64E+00 0.594 3.37E-01 0.076 
160 2.60E+00 0.586 3.49E-01 0.078 
 
 
